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Being the most abundant natural polymer on earth, cellulose materials are used in many different 
applications. Cellulose nanofibrils (CNF) are a relatively new group of lignocellulose resource-based 
nanomaterials and have been the topic of many research efforts in the wood products and material science 
fields over past decades. Using CNF in textile applications is one way to diversify the product portfolio of 
these materials as they contain nanoscale fibrils with high mechanical properties which can fulfil the 
textile industry’s demand for strong natural fibers. Considering that CNF is a wood-based cellulosic 
material in the form of water suspension, in order to use these materials for making a product, different 
aspects of the CNF properties need to be studied. In this work, the potential of cellulose nanomaterials to 
reinforce other natural fibers in the form of tapes and yarns was investigated. Cellulose nanomaterials 
were found to improve the tensile properties of tapes and yarns of natural fibers while facilitating the 
drying procedure by formation of bonding between cellulose and natural fiber and releasing water. In the 
next step, methods to improve nanocellulose filaments’ properties (without chemical treatments) was 
studied. The effect of grinding time and fibril fineness on the properties of the final products were 
studied. A method for the production of continuous filaments from CNF was proposed, which included 
fast drying of the nanocellulose. The effect of nanofibril fines content and drying temperature on the final 
properties of CNF suspensions was studied. Refining the CNF was shown to improve mechanical 
 properties of the filaments by increasing the surface area and thus increasing the bonding between 
nanofibrils. High temperature drying was shown to be effective in reducing the drying time while 
maintaining the mechanical properties of the filaments. In the next step, the effects of collection substrate 
type and surface properties on the cross-sectional form of the final filaments were studied. It was 
observed that substrate polarity will influence the filament cross-sectional form and applying oil reduces 
the interaction between the filament and the substrate and helps increase the circularity of the cross-
section. Finally, the orientation of nanofibrils in the filament structure can significantly influence the final 
properties of the resulting filament. Films of CNF with different orientations were produced and a novel 
method to measure and map nanofibril orientation using image processing and polarized light microscopy 
was developed. The orientation of the film surface was successfully mapped and the Birefringence 
Orientation Index (BOI) was measured for the samples with different orientation levels 
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CHAPTER 1 
INTRODUCTION 
 
 Cellulose nanofibrils (CNF) are a relatively new class of materials known for their exceptional physical 
and mechanical properties and their plant and wood-based nature. The nanomaterial market is a comparatively 
new market with North America being the largest market of these materials and is expected to remain the largest 
one until 2022 [1]. The key leading point of these materials is their vast range of applications. They are used in 
the electrical industry [2], automotive industry [3], in packaging [4], in the medical industry [5] and in the beauty 
industry [6]. CNF materials are normally extracted from bleached wood pulp as the raw material and then by 
means of high shearing mechanical procedures, nanofibril suspensions will be produced in water. The resulting 
product is a suspension of about 97% water and 3 wt.% solid cellulose nanofibrils which has great mechanical 
properties because of its high strength and length to width (aspect) ratio [7, 8].  
Although cellulose nanomaterials have the potential to be used in most nanomaterial applications, very few of the 
proposed applications have so far been successfully commercialized. Considering the intrinsic properties of 
cellulose nanomaterials, finding applications that can lead to the penetration into large already-established 
markets such as textile industry (estimated to have a value of USD 1.23 trillion by 2025 and is expanding by a 
compound annual growth rate of 4.24% [9]) appears to be a good approach for large-scale production and 
commercialization of these materials. As filaments are the basic element in most textile structures, the first step 
for using CNF in textile applications is to convert them into continuous filaments and yarns. This would require a 
sound method to remove a large quantity of water from the suspension while preserving nanofibril alignment in 
the direction of the filament length to maximize mechanical properties. In light of current environmental 
concerns, the method should have the ability to be continuous and keep the natural nature of the material (avoid 
chemicals).  
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1.1. Background 
 
 There is a growing demand for using biodegradable materials in different applications and various sectors 
of the industry. To produce biodegradable materials, the first option is using natural fibers instead of conventional 
synthetic ones. Although natural fibers present some interesting properties, the main disadvantage of these fibers 
in many applications when compared with conventional fibers like carbon and glass is their lower mechanical 
properties and thermal stability. CNFs are a comparatively new group of nanoscale natural fibers which have 
shown to have good mechanical properties on nanoscale [10] even when they are compared with very strong 
fibers like carbon and glass. Film or nano-paper of cellulose nanomaterials are also reported to have significantly 
high strength compared to other cellulosic materials [11].  
To use cellulose nanofibrils in textile applications, one of the possibilities is to use them combined with other 
natural fibers as it has been demonstrated to have great binding properties [12]. Using CNF suspensions to 
reinforce natural fibers in the form of tape and yarn is one possibility for improving the properties of conventional 
natural fibers in an endeavor to make a suitable substitute for synthetic fibers. The production of pure CNF 
filaments is another way to capture the exceptional stiffness and strength of CNF and widen its window of 
applicability in various industries. Textile and composite industries for instance can take advantage of this all 
natural, renewable nano-filament. 
To date, a number of attempts have been made to produce filaments of CNF. But, none of the method have the 
ability of being developed into a chemical-free, large scale, continuous method. Furthermore, cellulose 
nanomaterials are comparatively new materials and there are a lot of undiscovered areas and unknown aspects of 
these materials which need to be studied if they are going to be used for the production of a new product. To 
produce a green textile product from CNF (Goal) the reinforcing ability of these materials should be 
studied (Chapter II). The influence of drying parameters and nanofibril properties on the final properties 
should be determined (Chapter III) and a method for production of filaments form CNF needs to be 
developed.  The effect of production method parameters, such as the properties of the collection substrate 
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was considered (Chapter IV). Furthermore a facile method to quantify the orientation of nanofibrils in the 
structure was developed (Chapter V). Comparison of physical and mechanical properties of CNF products 
produced from each method will help obtain a comprehensive understanding of these materials as well as 
their potential for textile applications. Below is a summary of all the methods used for the production of 
continuous filaments and all the steps needed for the production of CNF filaments as presently available in the 
literature. 
1.2. Filament production process:  
 
1.2.1. Wet Spinning: 
Wet spinning is the oldest procedure used for filament spinning [13]. Wet spinning is mostly used for polymers 
which need to be dissolved in a solvent [14]. During this procedure, a spinning unit is submerged in the spin bath 
[15] and the filament will be formed as it moves away from the spinning unit leading to the diffusion of solvent in 
the structure which would lead to the solidification of the filament or coagulation of the filaments in the 
coagulation bath [16]. Spinning in a medium will influence the properties of the resultant structure. The spinneret 
design will influence the spinning rate, as-spun filament form and the fibril orientation. The solvent used for the 
coagulation bath will influence the final orientation and the surface properties of the filament as the diffusion of 
the solvent into the filament will bring about structural integrity [17,18].  
1.2.2. Dry Spinning 
Dry spinning is the procedure of spinning filaments on a substrate without using a coagulation bath [19,20]. In 
this procedure, most of the times the filament will be first in contact with a substrate and will be dried or cooled 
after spinning. The substrate will have important influence on the filaments’ morphological properties as the 
filament will be firstly in contact with the substrate and the drying or solidification process is carried out while the 
material is on the substrate [31].  
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1.2.3. Pretreatments: 
Chemical modifications on cellulose nanomaterials are reported to help different aspects of nanocellulose 
performance [8]. Different treatments have been applied on nanocellulose materials to improve their properties for 
special applications. Chemical treatments cover a vast range of treatments from acid hydrolysis used for the 
production of cellulose nanocrystals (CNC), TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl)-mediated oxidation, to 
enzymatic pretreatments and carboxymethylation that will generate different categories of nanocellulose 
materials. Table 1 presents a summary of chemical modifications used for nanocellulose and the way they change 
nanocellulose performance [8]. 
Table1.1. Chemical modifications commonly used for CNF. 
Nanoparticle Treatment Purpose Reference 
CNF Acetic anhydride 
Dispersion in chloroform and 
compatibilization with PLA 
(Tingaut et al., 
2010) [21] 
CNF Chlorodimethyl isopropylsilane  Hydrophobization 
(Andresen et al., 
2006) [22] 
CNF 
Octadecyldimethyl (3-trimethoxysilyl- propyl) 
ammonium chloride 
Antimicrobial activity 
(Andresen et al., 
2007) [23] 
CNF 
Cerium-induced reaction with 
 PGMA, PMMA,  
PHEMA, PBuA, PEA  
Functionalization 
(Littunen et al., 
2011) [24] 
 
  As CNF is produced from mechanical treatment of the wood pulp and the purpose of this study is to evaluate the 
performance of CNF as a green natural source for filament production, chemical treatment of the CNF is not a 
desired pretreatment for this work. Instead, there is a desire to alter the properties of the CNF suspensions through 
nonchemical modifications such as determining the optimal CNF concentration for the production of filaments 
with high mechanical properties. Another modification which is expected to influence the properties of the CNF is 
further mechanical grinding to reduce particle size and alter particle size distribution. The influence of grinding on 
the properties of the CNF has been studied in this work (Chapter III). 
1.2.4. Spinneret unit: 
The spinneret is the first unit used in the wet spinning process. In this step the polymer solution will be extruded 
from the spinneret and the filament structure will be formed. Different technologies and designs have been used to 
manufacture different spinnerets suitable for the production of specific filaments. Figure 1 shows some of the 
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spinneret types used for CNF filament production [26, 31-33]. Different studies used a syringe-type spinneret for 
the production of CNF filaments and reported this spinneret as an applicable spinneret type for this purpose. 
Capillary die or rheometry has also been used for the spinneret along with hydrodynamic alignment for CNF 
suspensions with modified surface for filament production. Use of a rotary jet has also been reported to work as a 
spinning unit for suspensions that contain an evaporating solvent. The problem with these spinnerets is that at 
higher solids content (higher than 3 wt. %), CNF cannot be extruded using the syringe due to higher viscosity and 
making continuous filaments needs horizontal positioning of the spinneret.  Hydrodynamic alignment is also 
applicable to nanocellulose suspensions after chemical modification. Fibrils were carboxymethylated to a degree 
of substitution of 0.1 and the flow of NaCl is used for focusing.  
 
Figure1.1. Different spinnerets used for CNF filament production 
1.2.5. Substrate or coagulation bath 
For wet spinning, the extruded suspension is directly extruded into a coagulation bath. Ethanol, dioxane and 
tetrahydrofuran (THF) were previously used as the coagulation bath for nanocellulose filament wet-spinning 
[13]. While in wet-spinning the as-spun filament will gain structural integrity in the coagulation bath, in dry-
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spinning, the wet-spun filament will first be in contact with the substrate and will be dried on the substrate. The 
substrate used in dry-spinning can dramatically influence properties of the final product. Different collection 
substrates have been used for dry-spinning of nanocellulose filaments. The influence of collection substrate on 
the properties of the filament was only discussed by Shen et al. in 2016 who investigated the influence of an 
adhesion-controlled capstan on the filament properties. A low friction surface was formed by wrapping an 
aluminum capstan with polyethylene film and applying a thin layer of oil on the film [34]. The effect of different 
collection substrates on the properties of final CNF filament will be studied in Chapter IV.  
1.2.6. Filament drawing 
Drawing or stretching is the next step which would be applied on the spun filaments to help polymers orient better 
right after spinning. Different drawing methods have been applied on the polymers and each one is appropriate for 
specific polymers or fibrils. Generally, drawing methods can be classified into two categories of cold (dry) 
drawing and wet drawing each of which could be single-step or multi-step. The ultimate purpose of the drawing 
step is to help orient the polymer chains in the longitudinal direction of the filament. In the filament structure, the 
assembly of fibrils or polymers in the longitudinal direction is important as the strength in this direction is crucial 
for filaments and yarns. For the type of CNF used in this work, inducing orientation in nanofibrils is challenging 
for two reasons: first, cellulose nanofibrils have little surface charge which makes orientation by surface-charge 
dependent methods difficult. Second, removing water from the CNF suspension will result in agglomeration of 
nanofibrils in random directions because of their flexibility. Works on the orientation of nanocellulose is mostly 
combined with chemical modification of the nanocellulose or using TEMPO-CNF [33,37]. On the other hand, in 
dry-spinning there is tendency to avoid chemical treatments or using TEMPO-CNF. Films and filaments are 
reported to be stretched in the wet or dry form to improve orientation of the nanofibrils. Change in the draw ratio 
is also reported to improve orientation by increasing the take-up unit or conveying unit speed in correspondence 
with the speed of spinning unit [31]. In a very recent work, Kim et al., 2019 have stretched wet-spun filaments of 
TEMPO-CNF to 20% and the resulted filament structure with modulus as high as 37 GPa [36]. Measuring the 
orientation of the nanofibrils in the structure has conventionally been carried out using Wide Angle X-ray 
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Spectrometry (WAXS). While WAXS showed to work well for the study of orientation in crystalline materials, 
this method does not work well in materials with low crystallinity. Besides, WAXS is not readily available. In the 
last chapter of this dissertation, the orientation of the CNF films was studied using a novel method based on the 
image analysis of the polarized light images. In a previous study, Mashkour et al., 2014 developed a method 
based on polarized light microscopy to quantify the orientation of the cellulose akaganeite hybrid nanocrystals 
(CAHNCs)[35]. This concept was used to develop a method to study the orientation of stretched and non-
stretched CNF films and quantifying the orientation in the CNF films without the use of WAXS and with help of 
image analysis of the microscopic images.  
1.2.7. Drying 
Drying procedure is an important step for making a product out of a nanocellulose suspension. As nanocellulose 
is in the form of a suspension with more than 95% water content and has the cellulosic nature, removing this 
amount of water while avoiding damage to cellulose and orienting the fibrils to maintain or improve their 
properties is very important. As drying will cause a great shrinkage in the structure and will result in the 
formation of bonding between cellulose fibrils, there should be some control on the structure during drying 
procedure. Different heater settings and temperatures can be used combined with a cooler that could help obtain 
perfect structural properties. Also, removing more than 95% water only with heating needs a lot of energy. Thus, 
finding an appropriate combination of heating will guarantee fast and economic drying of the filaments while 
avoiding damage in the cellulose and resulting desired mechanical properties. Studies on the production of 
filaments from CNF have used coagulation bath and hot rollers to dry and draw the filaments. In the works 
focused on dry-spinning, filaments were air-dried over night for drying. This has two disadvantages: first, 
overnight drying will take a long time and thus the procedure does not have the potential of being continuous. 
Second, the cross-section form of the filaments produced with this method is not round and is in the form of a 
ribbon. In Chapter III different drying temperatures are used for the production of thin filaments spun using very 
dilute CNF suspensions. Table 1.2 summarizes the spinning methods used in the literature for the production of 
filaments from cellulose nanofibrils. 
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Table. 1.2. Summary of methods used for CNF filament production 
 
Spinning method Advantages Disadvantages Sources Picture 
Electrospinning Nanoscale textile 
structure 
Matt can be drawn to 
filament 
-Slow 
-Expensive, 
-Not continuous 
Ohkawa et 
al. 2009; 
Pankonian et 
al. 2011 
 
Spinning by 
means of jet and 
syringe 
Can produce 
filaments 
 
-Not continuous 
-No control on 
pressure to apply 
uniform pressure  
Walther et al. 
2011 
 
Rheometer Less sensitive to CNF 
solids content 
-Not a horizontal 
extrusion, cannot be 
continuous 
Hooshmand 
et al. 2015 
 
Alignment Methods 
Chemical 
alignment 
Good properties of 
the resultant filament 
Chemical treatments 
will influence thermal 
stability of resulting 
material 
Tang et al. 
2015 
 
Hydrodynamic & 
electrolyte method 
Aligns fibrils in the 
structure  
Improves mechanical 
properties of the 
structure 
-Not continuous 
-Reported mechanical 
properties are similar 
to natural fibers 
without chemical 
modification 
Hakansson et 
al. 2014 
 
Capillary 
alignment 
High orientation  
Significantly high 
mechanical properties 
Chemicals involved Mohammadi 
et al. 2017 
 
Cold & Wet 
drawing 
Improves mechanical 
properties of the 
material 
-Not continuous 
-Does not show 
properties as good as 
synthetic filaments 
Terres- 
Rendon et al. 
2014 
Sehaqui et al. 
2011 
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As mentioned above, different methods have been used for the production of CNF filaments, but none of these 
methods were successful in the production of continuous strong nanocellulose filaments from CNF without 
chemical modifications. To find a proper spinning method, different aspects of CNF behavior need to be studied.  
First of all, reinforcing of natural fiber yarns with nanocellulose is the first step to see if we can enhance 
properties of natural fiber for high-tech applications by means of adding nanocellulose (Chapter II). A method 
the for production of continuous filaments needs to be proposed and the influence of CNF properties such as 
nanofibril fines content and drying temperature on the properties of the filaments needs to be studied (Chapter 
III). On the other hand, the proper substrate for spinning should be identified after studying the effect of different 
substrates on the properties of the dry-spun filaments (Chapter IV). Nanofibril alignment in the structure can 
help improve mechanical properties. A facile method to study, quantify and map the orientation in the structures 
is essential (Chapter V). 
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CHAPTER 2 
REINFORCEMENT OF NATURAL FIBER YARNS BY CELLULOSE NANOMATERIALS: A MULTI-
SCALE STUDY 
 
2.1. Chapter Summary 
 
Cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC) were used to improve the mechanical properties of 
tapes and yarns produced from natural fibers as a new application of cellulose nanomaterials in textile-based 
composite products. Hemp and flax slivers were used as natural fibers for the production of yarns and tapes. CNC, 
unground CNF and two different ground CNF suspensions were used as the reinforcement agents. Fiber strands 
from each natural fiber were soaked in the cellulose nanomaterial suspension and then were processed into tapes 
or yarns. Individual hemp and flax fibers where also soaked in the same suspensions and dried. SEM microscopy 
of the surfaces and cross-sections of the yarns and tapes showed that cellulose nanomaterial suspensions affected 
the morphology of the natural fiber yarns and tapes by filling gaps and adhering the fibers together. Results of 
studies on tensile properties of single fibers showed improvement in initial modulus and strength of flax fibers 
after soaking in nanocellulose suspensions especially when CNF was used. Such consistent results were not 
however seen for hemp single fibers. Yarns and tapes produced by soaking fiber strands in different nanocellulose 
suspensions had considerably higher tensile properties in terms of strength and initial modulus than controls. 
Furthermore, it was shown that mixing cellulose nanomaterial suspensions with natural fibers improved the 
dewatering/drying process, a necessary step should cellulose nanomaterials be used in composite applications.  
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2.2.  Introduction 
Cellulose nanomaterials are a relatively new group of lignocellulose resource-based materials. These 
materials, which are directly derived from wood or other lignocellulosic feedstocks are a promising class of 
cellulosic products and are mainly classified into two major groups of cellulose nanofibrils (CNF) and 
cellulose nanocrystals (CNC) [1]. Nanomaterials are used in different industries such as electronics, packaging, 
medical, and personal care product industries. The key leading point of these materials is their vast range of 
applications [2] as well as the possibility to impart interesting functionalities and properties at low weight or 
volume loadings.  
CNFs are generally extracted from delignified wood pulp or other lignocellulosic resources as raw material 
by means of high shearing mechanical attrition in the form of low consistency aqueous nanofibril suspensions. 
There are several methods to produce CNF including high pressure homogenization, microfluidization, 
TEMPO oxidation and refining [3-5]. CNF is normally produced as a suspension of 97% water and 3% 
cellulose nanofibrils. This material has great mechanical properties because of its high strength and large 
aspect ratio [3,5-6]. The CNF aspect ratio is highly dependent on the grinding time; the more CNF is ground 
the higher the aspect ratio of the nanofibrils in the suspension will be and the higher the aspect ratio of the 
CNF, the higher the surface area [6-8]. These very strong nanofibrils have the potential to be made into strong 
continuous filament structures. For this purpose, two key issues should be addressed. First, a method should be 
proposed for removing more than 97% water from the highly hydrophilic CNF and second, the “spaghetti–
like” nanofibrils should be aligned unidirectionally and agglomeration should be prevented [9-10] 
Cellulose nanocrystals on the other hand, are mainly produced by acid (often sulfuric acid) hydrolysis of 
wood pulp and are highly crystalline suspensions with smaller particle sizes and particle size distributions. 
High crystallinity, high surface area and stiffness, very low thermal expansion, and many other exceptional 
properties give CNCs the potential to be used in a variety of applications [6]. The negative surface charge, 
which is the result of chemical procedure used during production helps with better dispersibility and abundant 
hydroxyl groups in the structure provide opportunities for chemical modification [9]. Figure. 2.1 shows 
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scanning electron microscopy (SEM) micrographs of the surface of a typical CNF and CNC film where 
morphologic differences are readily evident.  
Although, cellulose nanomaterials have the potential to be used in a wide range of products, presently very 
few of the proposed applications have been scaled-up to commercialization. Cellulose nanomaterials are 
produced in the form of low consistency aqueous suspensions with an average water content of ≥90%. Thus, 
the first requirement for many of these applications is to find a feasible and economical way to remove the 
water while maintaining the nano-scale dimensions of the material. Many of the proposed methods to dry 
cellulose nanomaterials are either too expensive to be used for large scale production or are unable to dry the 
material without causing further agglomeration of nanoparticles [6,11-12]. Applications that can target using 
cellulose nanomaterials in their natural aqueous state by skipping the initial drying process are one important 
step closer to commercialization.  
Over the past two decades, growing attention to environmental conservation and use of abundant 
biodegradable resources has led to the introduction of a class of products made from natural fibers in different 
applications mainly as short fiber reinforcement in polymeric systems [2,13-16]. Using natural fibers in place 
of synthetic ones is a great step towards the production of biodegradable products and brings about significant 
environmental benefits.  
Natural fibers have been traditionally used for various applications including those in the form of yarns. 
One of the main parameters restricting the utilization of yarns produced from natural fibers in most 
applications is their low mechanical properties compared to that of the stronger yarns such as nylon, Kevlar, 
carbon or glass [17,18]. Reinforcement of yarns by applying different treatments for improving properties 
specifically the strength of the yarn has been the focus of considerable research effort [19-21]. For example, a 
cyclic loading treatment for ramie yarns showed improvements in strength and stiffness of these yarns through 
increasing crystallinity and imparting orientation [22]. Some improvement in the mechanical properties of 
natural fiber yarns after applying winding and heat setting was also reported [23]. In addition, alkali treatment 
has been shown to improve tensile properties of yarns produced from natural fibers [13]. 
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CNF and CNC are 100% cellulose nanomaterial suspensions that have the potential to be used for 
production of filaments or yarns as the basic element for producing textile structures and composites [1]. 
Different works have reported nanocellulose applications in the textile industry [24-25]. There are also recent 
publications on the production of continuous filaments from nanocellulose using wet-spinning [26-28] and 
dry-spinning methods [7, 29-31]. Nanocellulose also has the potential to enhance mechanical properties of 
natural fiber yarns. The high amount of water in the suspensions however is regarded as a limiting factor. 
Interestingly, because of the abundance of hydroxyl groups on the cellulose nanomaterial surfaces, strong 
hydrogen bonding is expected to form when they are mixed with other polar materials leading to considerable 
water release in a phenomenon recently reported by [32]. In this phenomenon known as contact dewatering, it 
is speculated that hydroxyl groups on the surface of cellulose nanomaterials will form hydrogen bonding with 
cellulose in the natural fibers, thereby releasing a significant amount of the water from the cellulose 
nanomaterial suspension. Since natural fibers such as hemp and flax have similar chemical compositions 
(hemp 68% cellulose, flax 71% cellulose) [5], it is expected that a similar phenomenon would take place when 
these fibers are in contact with cellulose nanomaterials. This will be a significant advantage to enable using 
wet CNF or CNC in a final product and maintain the nanoscale dimensions while eliminating the initial drying 
process needed for many composite applications.   
Knowing that cellulose nanomaterials possess high bonding and mechanical properties, their addition to 
the structure of natural fiber yarns may enhance mechanical properties of such yarns. In this chapter, the 
influence of different types of cellulose nanomaterials on tensile properties of natural fiber yarns as well as 
their effect on dewatering and drying process of cellulose nanomaterial suspensions when in contact with 
natural fibers is presented. Tapes were produced for better understanding of interactions between nanocellulose 
and natural fibers as well as comparing the influence of the presence of twist during yarn spinning on the final 
properties of the structure. This is a new application of cellulose nanomaterials, which once optimized will 
provide opportunities for production of textile-based composites with improved mechanical properties. This 
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chapter attempts to study the reinforcing influence of nanocellulose on yarns and tapes produced from natural 
fibers. 
2.3. Materials and Methods 
2.3.1. Materials 
Hemp sliver, 490 Tex and flax sliver, 790 Tex were purchased from a supplier. These fibers were used for 
production of yarns and tapes. The hemp fiber’s average length was 127 mm and average thickness was 0.012 
mm whereas for the flax fibers, the average length was measured to be 125.9 mm and average thickness was 
0.026 mm. Hemp and flax slivers were natural unbleached products. While the source might change the values, 
typically flax fibers have about 71 wt. % cellulose, 18.6-20.6 wt. % hemicellulose and 2.2 wt. % lignin while 
hemp fibers have 68 wt. % cellulose, 15 wt. % hemicellulose and 10 wt. % lignin [3]. The CNC suspension 
with 11.8% solids content was produced by the Forest Products Laboratory, Madison, WI through sulfuric acid 
hydrolysis. The CNC was diluted to 1 wt.% solids content prior to use. The CNF with a solid content of 3 
wt.% was supplied by the University of Maine’s Process Development Center. The CNF is produced by 
mechanically refining softwood Kraft pulp to a 95% fines content (the fines content is a measure of fibrils 
smaller than 200m) without any chemical pre-treatments. Two other grades of CNF suspensions were 
produced in the lab from the original CNF by grinding it in a micro-grinder (Masuko Sangyo, Model: 
MKCA6-2/, Japan) for 50 and 100 minutes. Throughout this manuscript, CNF 50G and CNF 100G refer to 
CNF that was ground for 50 and 100 minutes, respectively. These were also prepared at 1% solids content.  
Average particle diameter for unground CNF was measured to be 5.73 µm while this was 4.04 µm for 50G 
CNF and 2.84 µm for 100G CNF. It should be noted that CNF suspensions have different particles in micro 
and nano scale and the values mentioned above are related to the micro scale fibers as determined from light 
microscopy. On the nano-scale less variations are seen between CNF particle widths and they normally range 
between 10 and 200 nm. CNC particle shown in Figure 2.1 (right) had an average diameter of around 10-20 
nm.  
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Figure. 2.1. Surface morphology of a CNF (left) and CNC (right) films showing differences in morphologies 
2.3.2. Preparation of single fibers for tensile test 
Samples of single fibers from flax and hemp were prepared to study the influence of different nanocellulose 
suspensions on their tensile properties. Fifteen samples of each natural fiber were soaked in different CNF and 
CNC suspensions for 5 minutes. Samples were then removed and left in the lab to dry for 24 hrs. Single fibers 
were tested according to ASTM D3822. Each fiber was first tabbed in a cardboard frame (Figure. 2.2-B) and 
the diameter of each sample was measured using the microscopic image of the tabbed sample (Figure. 2.2-A). 
Because natural fibers inherently have high variations in thickness, the diameter and cross-section of each 
sample was measured separately prior to the test and the data were used as input dimensions. Samples were 
later tested using a dynamic mechanical analyzer (DMA) (DMA Q-800, TA instruments, DE, United States) 
by modifying ASTM D3822 and using a controlled force method and force ramp of 2N/min until 18N (Figure. 
2.2-C).   
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Figure. 2.2. Surface micrograph of hemp and flax fibers for diameter measurement (A), sample tabbing (B) 
and single fiber tensile test configuration (C),   yarn and tape tensile test configuration prior to (D) and after 
failure (E) 
2.3.3. Yarn and tape production method 
Small narrow strands of the two different sliver types were chosen and separated (Figure. 2.3-A and B). As 
the procedure was conducted manually, to prevent high variation in tensile parameters, samples were carefully 
weighed to a precision of 0.01g. Samples were then soaked in the CNF or CNC suspension for 5 minutes. 
Fiber strands were then removed from the suspension and extra suspension was wiped off manually. In the 
next step, tape samples were left on a flat surface while both ends were taped to dry. For the yarn samples, 
strands were spun into yarns using an electric spinning device (E-spinner (Ashford Handicrafts Ltd, New 
Zealand) (Figure. 2.3-H), and then removed and fixed to dry. A schematic of the sample production steps is 
shown in Figure. 2.3. Different combinations of the CNF suspension and natural fibers used for sample 
production are shown in Table 2.1. Control tapes and yarns were produced in the same manner with the 
difference that water was used instead of cellulose nanomaterial suspensions. These samples were used as 
reference when comparing physical and mechanical properties. 
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Figure. 2.3. Sample production procedure A) slivers of different fibers, B) dividing slivers into narrow strands, 
C) weighing the strands, D, E,F) different suspensions for soaking strands in, H) the E- Spinner for spinning 
strands to yarn, I) soaked strands fixed at both ends and left to dry 
Table 2.1. Samples’ specifications and coding 
 
2.3.4. Characterization 
To study the morphology of the samples, SEM micrographs of the surfaces and cross sections of the 
samples were obtained. A Hitachi scanning electron microscope TM 3000 (Hitachi, Ltd., Tokyo, Japan) was 
used for SEM imaging. No sputter coating is required for imaging using the TM 3000. The overall cross-
section form and nanofiber distribution on the produced tape and yarns were visually compared. 
 
      Suspension Type 
 
Fiber 
CNC 
Unground 
CNF 
CNF ground 
for 50 min 
CNF ground 
for 100 min 
Water            
(as control) 
Hemp Tape 
Hemp CNC 
Tape 
Hemp UG 
Tape 
Hemp 50G 
Tape 
Hemp 100G 
Tape 
Hemp Water 
Tape 
Flax Tape 
Flax CNC 
Tape 
Flax UG 
Tape 
Flax 50G 
Tape 
Flax100GTape 
Flax Water 
Tape 
Hemp Yarn 
Hemp CNC 
Yarn 
Hemp UG 
Yarn 
Hemp 5oG 
Yarn 
Hemp 100G 
Yarn 
Hemp Water 
Yarn 
Flax Yarn 
Flax CNC 
Yarn 
Flax UG 
Yarn 
Flax 50G 
Yarn 
Flax 100G 
Yarn 
Flax Water 
Yarn 
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To evaluate the presence of nanocellulose in the structure, SEM micrograph of tapes produced from flax 
fiber were obtained. A Zeiss NVision 40 SEM (Carl Zeiss, Inc., Thornwood, NY) was used and samples were 
prepared by sputter coating. SEM micrograph of samples of flax water tape, flax CNC tape, flax CNF UG tape 
and flax CNF 100G tape were obtained and nanofibrils in the structure were compared. 
To study CNC and CNF uptake of the natural fibers, three strands of each natural fiber were prepared and 
dried for 24hrs in the oven at 75 °C. These strands were soaked in each suspension for 5 minutes and then 
removed. Strands that were made for yarn production were spun and fixed on a surface while those that were 
produced for tape production were directly fixed on both ends. These samples were left in the oven to dry for 
48 hrs at 75 °C and then weighed. CNF and CNC uptake of each natural fiber in the form of yarn and tape 
were then calculated based on the dry weight of fibers.  
To examine if contact with cellulosic fibers influences the dewatering and drying behavior of cellulose 
nanomaterial suspensions and the possibility of a new application for these materials, drying behavior of 
cellulose nanomaterial suspensions when added to natural fibers were studied using thermogravimetric 
analysis (TGA). A TGA Q-500 (TA Instruments, New Castle, DE) was used with a step heating procedure. For 
this purpose, samples of natural fibers with cellulose nanomaterial suspension were placed in platinum pans 
and heated up to 200ﾟC, which was kept constant for 15 minutes. The rate of mass loss over time was 
compared for different samples as a measure for drying rate. Control samples of water, neat CNF and neat 
CNC suspensions were also dried in the same manner.  
Tape and yarn samples were tested according to ASTM D2256 in tension. From each sample, five 
specimens were produced and tested using an Instron model 4202 with flat faced jaws (Figure. 2.2-C&D). For 
the purpose of the tensile test, the gauge length was 254 mm and the cross-head speed was set at 5 mm/min. 
Force-displacement curves were recorded and converted to tenacity-strain curves using specimen dimensions 
and diameter values. 
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2.4. Results and Discussion 
2.4.1. Morphology of the samples 
SEM micrographs of the samples were obtained to study morphological properties of the flax and hemp 
tapes and yarns loaded with CNC and CNF and were compared with those obtained from controls made with 
water. Figure. 2.4 shows the SEM micrographs of the samples produced using flax fiber and the three different 
suspensions of CNC and CNF as well as water as control. Similar observations were made for yarns and tapes 
produced from hemp fibers, but SEMs of only flax specimens are presented for brevity. Micrographs were 
obtained from both surfaces and cross-sections of tapes and yarns.  
As shown in Figure. 2.4 fibers are loosely placed in the tape structure and there is air gap among fibers. 
There is comparatively less air gap in the control flax yarn compared to control flax tape. This compactness is 
caused by radial forces among fibers acting during the yarn formation procedure. Although twisting of the 
fibers during yarn formation results in a more compact stacking of fibers in the structure, as seen in Figure. 2.4, 
there is still considerable space among the fibers in the yarn. Figures. 2.4-A and 2.4-B show flax slivers soaked 
in the 1% CNC suspension. Comparing Figures. 2.4-A and 2.4-B with Figures 2.4.-E and 2.4-F shows changes 
in the morphology of the resulting structure by adding CNC. SEM micrographs obtained from the surface of 
flax CNC tape and yarns show a reduction of air gaps between fibers in the surface. Although the CNC flax 
structure appears to be more compact and the CNC crystals appear to act like an adhesive to bond fibers in the 
structure, some gaps can still be observed on the surface. This inconsistency seems to be more pronounced in 
the tape samples compared to the yarns because of difference in the structure. The yarn formation procedure 
helps with better distribution of nanomaterials in the structure. 
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Figure. 2.4. SEM micrographs of surface and cross-section of tapes and yarns. A) CNC flax tape surface B) 
CNC flax yarn surface C) CNF flax tape surface D) CNF flax yarn surface E) Water flax tape surface F) 
Water flax yarn surface G) CNC flax tape cross-section H) CNC flax yarn cross-section I) CNF flax tape 
cross-section J) CNF flax yarn cross-section K) Water flax tape cross- section L) Water flax yarn cross-
section.  
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Treating natural fibers with 1% CNF suspension resulted in different morphologies in the tape and yarn 
structures. As shown in Figures. 2.4-C and 2.4-D, the CNF suspension filled most of the space among flax 
fibers in the tape and yarn produced using the unground CNF suspension. As the CNF used for these samples 
was not further ground, it was not uniformly distributed in the structure and there appears to be more CNF 
available in some areas compared to others. The resulting structure exhibits less air gap compared to those 
produced using CNC suspension or water. This result can be attributed to the larger particle size of CNF 
compared to CNC as well as differences in the amount of nanomaterial uptake. 
A more in-depth study of the morphology of the structures is possible by observing the cross-sections of 
the structures (Figure. 2.4-G to Figure. 2.4-L). Looking at the cross-section of the samples produced using flax 
fiber and CNC suspension (Figures. 2.4-G & 2.4-H), it is obvious that CNC has penetrated into the cross-
section of the tapes and yarns. It appears that twisting the fibers during yarn production has positive influence 
as it improves CNC penetration in the structure and increases the adhesive like influence of CNC to attach 
fibers in the composite structure. Furthermore, from Figures 2.4-G and 2.4-H, CNC appears to penetrate 
uniformly through the thickness of yarn and tape structures which can be attributed to the smaller particle size 
of CNC compared to CNF. 
Figures. 2.4-I and 2.4-J show SEM micrographs obtained from the cross-section of the flax CNF tape and 
yarn, respectively. Comparing Figures. 2.4-I and 2.4-J shows that CNF  filled more pores of the flax tape and 
glued most of the fibers to each other in the tape structure.. Comparing Figures. 2.4-J and 2.4-H shows that 
using CNF suspension resulted in a more coherent structure than CNC suspension. CNF particles appear to be 
well distributed among the flax fibers and made a rather uniform structure through the thickness of the yarn. 
Twisting fibers during yarn production seems to help with better trapping of the cellulose nanofibrils among 
large flax fibers resulting in a more uniform composite structure. 
Figures. 2.4-K and 2.4-L were obtained from cross-sections of flax tape and yarns that were soaked in 
water. These structures are not expected to have very high structural strength and as expected; the structures 
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are considerably deformed after being cut by a razor blade. The cross-sectional view of the flax control 
samples shows that the yarn structure is tighter than the tape and there is less air gap inside the yarn structure 
compared to the tape. This is caused by the radial forces applied on the structure during yarn formation. Full 
coverage and distribution of nanocellulose particles in the structure of the produced yarns and tapes can be 
evidenced through SEM analysis. Figure. 2.5 shows SEM micrograph of different flax tapes with and without 
nanocellulose. CNC particles can easily be seen on the surface of the tapes (Figure. 2.5-B) as compared with 
the control sample (Figure. 2.5-A). Also, comparison of the CNF UG tape with CNF 100G tape (Figure. 2.5-C 
& 2.5-D) shows a relative decrease in fibril size by grinding. These SEM micrographs provide information on 
the presence of nanocellulose on the surface of the tapes. 
 
Figure. 2.5. SEM micrographs of flax tapes treated with A) water, B) CNC, C) CNF UG and D) CNF 100G 
2.4.2. Single fiber tensile test 
Results of studies on tensile properties of single fibers showed different trends for flax and hemp single fibers. 
While for flax fibers a general improvement trend was observed for both modulus and strength values, such a 
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trend was not seen for hemp fibers. This can be attributed to the nature of the materials as for natural fibers the 
results can have high variability. This behavior was especially more pronounced for CNF suspensions 
compared to CNC (Figure. 2.6). Table 2.2 presents initial modulus and strength values for single fibers 
obtained through tensile tests along with reinforcement ratio of each parameter. Reinforcement ratio is a 
parameter calculated as the ratio of the mechanical property of the sample produced using each suspension 
compared to that of the control sample made with water. As it is shown in Table 2.2, CNF UG and CNF 100G 
had the highest influence on the initial modulus of the single fibers of flax with reinforcement ratios of above 
4. They also showed to have the highest influence on strength value of the flax single fibers. No particular 
trend for hemp fibers was observed. It should be noted that natural fibers inherently have high variations in 
structure and properties which would result in variations in the data as seen in Figure. 2.6. Generally, adding 
nanocellulose suspension improved tensile properties of flax fiber more than it did for hemp fibers. 
Reported values of the initial modulus and strength for single hemp and flax fibers are much higher than the 
values we have calculated for hemp and flax control samples. The strength value of the flax fiber is reported to 
be in the range of 500-900 MPa and the initial modulus is reported to be 50-70 GPa [33] while the results of 
our tests showed the average value of 2.88 GPa for initial modulus and 90.8 MPa for the strength of single flax 
fibers. Also for hemp fibers the reported value is 30-60 GPa for initial modulus and 300-800 MPa for strength 
[33] whereas our experimental results showed average values of 3.71 GPa for initial modulus and 147.8 MPa 
for strength. The large difference between our results and those reported in the literature can be primarily 
attributed to the source where the fibers are obtained from. Contrary to synthetic fibers, natural fibers’ 
properties are always reported approximately as they can vary significantly based on the preparation methods 
from raw materials, species, growth conditions, treatments and many other factors. Parameters such as relative 
humidity and sample preparation can also influence properties significantly. Notwithstanding, here we have 
used samples of the same fiber as reference to study the influence of different cellulose nanofibril suspensions 
on mechanical properties and therefore the source variation has been eliminated. The inherent variability in 
natural fibers however cannot be avoided. 
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Figure. 2.6. Tensile properties of single fibers treated with nanocellulose suspensions 
Table 2.2. Strength, initial modulus and reinforcement ratio of single fibers 
Single fiber  Initial Modulus (GPa) 
Modulus 
Reinforcement 
Ratio 
Strength (MPa) 
Strength 
Reinforcement Ratio 
Flax Water 2.8 1 91 1 
Flax CNC 3.8 1.3 105 1.2 
Flax UG 12.5 4.3 224 2.5 
Flax 50G 5.3 1.9 102 1.1 
Flax 100G 11.9 4.1 333 3.6 
Hemp water 3.7 1 148 1 
Hemp CNC 2.7 0.7 48 0.3 
Hemp UG N/A - 76 0.5 
Hemp 50G 3.8 1.0 263 1.8 
Hemp 100G  2.2 0.6 40 0.3 
 
2.4.3. Cellulose nanomaterial uptake 
Results of studies on cellulose nanomaterial uptake in weight % for different natural fibers in the forms of 
yarn and tapes are presented in Figure. 2.7. The highest amount of uptake was found to be related to CNF UG 
and it was higher for yarns compared to tapes. On the other hand, the CNC suspension had the least amount of 
uptake in the structures. It should be mentioned that it was very difficult to measure the CNC content in yarns, 
despite the morphological changes that can be observed in Figure. 2.4 and the presence of CNC particles 
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evidenced in Figure. 2.5. Differences in the cellulose nanomaterial uptake can be attributed to the particle size 
as CNC had the lowest and CNF UG the highest particle size.  
 
Figure. 2.7. Cellulose nanomaterial uptake of flax and hemp tapes and yarns 
2.4.4. Drying rate 
Studying the dewatering/drying process of different natural fiber types and cellulose nanomaterial 
suspensions showed the positive influence of mixing cellulose nanomaterials with natural fibers on drying rate 
of the cellulose nanomaterials. Figure. 2.8 presents TGA results of CNC and CNF suspensions mixed with 
natural fibers. The drying curve for pure water is also presented for reference. As seen in Figure. 2.8-B, adding 
flax and hemp fibers to the CNC suspension increased the rate of weight loss when compared to pure CNC 
suspension. Hydroxyl groups on the surface of CNC should result in strong hydrogen bonding with the natural 
fibers that could make releasing water much easier compared to the pure CNC suspension [32]. The derivative 
weight loss curve shows that the drying rate is almost two times faster when CNC particles are in contact with 
hemp and flax and the total drying time is almost half. Figure. 2.8-C&D shows weight loss over time for the 
CNF suspension compared with CNF suspension mixed with hemp and flax natural fibers. Mixing CNF with 
natural fibers resulted in a similar increase in drying rate, but to a lesser extent than that of CNC. Higher 
surface area of CNC as compared with CNF attributed to its smaller particle size may be responsible for such a 
difference in behavior.  
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Figure. 2.8. Weight loss% vs time (A) and Weight Derivative (%/min) vs time (B) for pure CNC, CNC mixed 
with flax fiber, CNC mixed with hemp fiber and water only sample, Weight loss% vs time (C) and Weight 
Derivative (%/min) vs time (D) for pure ground CNF, ground CNF mixed with flax, ground CNF mixed with 
hemp and water as reference 
 
2.4.5. Tensile behavior of yarns and tapes 
Tensile tests were conducted on the samples of both yarns and tapes. The reinforcement of yarns was 
targeted here and tapes were meant to be used as a measure for enhanced adhesion among fibers caused by the 
addition of cellulose nanomaterial suspensions. Initial modulus and maximum tenacity of the samples were 
calculated along with the reinforcement ratios as defined earlier for single fibers. Reinforcement ratio of the 
initial modulus and strength were calculated for each group of samples and the results are presented in Table 
2.3. Figure. 2.9-A to Figure. 2.9-D show representative tensile tenacity/strain graphs of different samples of 
tapes and yarns. Different works have adopted various units to report tensile properties of natural fiber yarns 
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[34-36] but as the properties of natural fibers used are not the same and they are reported in different unit 
systems (cN/Tex or MPa) it is difficult to compare our results directly with other research. Besides, for natural 
fibers, properties can vary according to the fiber source and preparation method. Therefore, we are comparing 
the results with those of the control samples made and evaluated in this study.  
Results of tensile tests on samples of yarns and tapes produced form flax fibers and different cellulose 
nanomaterial suspensions are shown in Figure. 2.9-A and B. As it is shown in the graphs, the flax water tape 
had very low strength compared to other flax tapes and the structural strength is only caused by friction 
between fibers in the structure. Thus, cellulose nanomaterial suspensions caused great adhesion between flax 
fibers in tapes. The flax CNF100G tape had the highest maximum tenacity showing an improvement of about 
45 times over the control. Also, the flax CNF100G sample had the highest initial modulus with a 
reinforcement ratio of about 6. Studying flax yarns showed that the flax CNF 50G sample had the highest 
maximum tenacity with improved tenacity of about 1.5 times when compared with the yarn produced by 
soaking in water (control). Comparing the initial modulus of flax yarns shows that samples of flax CNF 100G 
had the highest initial modulus which was improved about 1.3 times compared with the control. 
Tensile test results on hemp yarns and tapes are shown in Figures. 2.9-C and D. As it is seen, tapes that are 
produced using different suspensions showed much higher strengths compared to those that were only soaked 
in water. This is caused by the adhesion of fibers by cellulose nanomaterial particles within the structure [32]. 
The average fiber length of all natural fibers used in this study was smaller than the gauge length of the tensile 
test specimens and all failure recorded for tapes were adhesive failures. Therefore, the strength of the tape is all 
contributed by the adhesion among individual fibers. Hemp water tapes had very low structural strength and 
adding different cellulose nanomaterial suspensions increased the strength of the structures significantly. The 
highest strength of hemp tapes was achieved by adding CNF100G to hemp tapes which resulted in a 
reinforcement ratio of 32.0 when compared to the one soaked in water. The highest initial modulus of the 
hemp tapes was also related to the CNF 100G with almost 41times reinforcement. CNF 100G can apparently 
surround fibers better (Figure. 2.5) and make strong bonding between them which may result in stronger tapes 
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possibly attributed to its smaller particle size. For hemp yarns, as shown in Figure. 2.9-C the difference was 
not as considerable as it was for tapes and that is mostly because hemp yarns have acceptable strength by 
themselves. However, adding cellulose nanomaterial suspensions generally improved mechanical properties of 
most of the yarns. It is shown that, adding suspensions with the larger particle sizes like CNF UG had a 
negative influence on maximum strength of the yarns. It is suggested that the large particles in CNF UG caused 
irregularities in the composite structure, which resulted in lower mechanical properties because of more stress 
concentration points. The CNC suspension resulted in yarns with the highest modulus that can be attributed to 
the small particle size in CNC compared to other cellulose nanomaterial suspensions leading to better 
penetration of particles into the yarn structure as well as higher inherent modulus of CNCs than CNFs [5]. As 
CNCs have a smaller particle size, they can penetrate better into the fibers and result in higher tenacity while 
ground CNF, because of its branched structure, will adhere better to fibers and results in yarns with higher 
initial modulus. Yarns that are produced by adding CNF 50G to hemp fibers had the highest maximum tenacity 
with a 1.7 time reinforcement ratio while maximum initial modulus belonged to the CNC hemp yarn with a 
reinforcement ratio of 4.0. 
Some physical and chemical properties of different CNF suspensions (unground, 50 minute ground and 
100 minutes ground) were reported in a work published recently [7]. Grinding showed to have an influence on 
the fibrils size on micro and nano scales as well as on the surface properties. Grinding also increased 
crystallinity and decreased OH groups’ availability to form further bonding. These parameters along with fiber 
source can have significant influences on the interaction of different nanocellulose suspensions with natural 
fibers.  
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Figure. 2.9. Representative tensile tenacity/strain graphs of A) Hemp Yarn, B) Hemp Tape, C) Flax Yarn and 
D) Flax Tape samples 
Finally, previous research on strengthening natural fibers by various treatments has shown some success. 
Comparing the results of loading cellulose nanomaterial suspensions on the natural fiber yarns’ tensile 
properties presented here with those available in the literature is promising. For example, while cyclic loading 
was reported to bring about 20%-50% improvement in tensile strength and two to three times improvement in 
initial modulus [22], heat treatment was shown to only improve tensile strength by 5-18% and initial modulus 
by 33%-152% [23]. The alkali treatment of jute fibers was reported to result in 120% and 150% improvements 
in tensile strength and tensile modulus of yarns, respectively. The cellulose nanomaterial suspensions used in 
this study improved tensile strength of yarns from 50% to more than 200% and initial modulus of the yarns 
from 100% to almost 400%. These findings clearly prove the feasibility of reinforcing natural fiber yarns using 
cellulose nanomaterials.  
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Table 2.3. Strength, initial modulus and reinforcement ratio of yarns and tapes. Values in parentheses are 
CV%. 
 
2.5. Conclusions 
In this work, the influence of adding different cellulose nanomaterial suspensions on mechanical and 
morphological properties of yarns and tapes produced from two different natural fibers was studied. Yarns and 
tape samples that were produced by soaking fibers in CNF showed to have better uniformity and this 
nanomaterial performed better in filling gaps than CNC in the composite structure. Studying the influence of 
Yarn/Tape Initial Modulus (GPa) Modulus 
Reinforcement Ratio 
Strength (MPa) Strength 
Reinforcement Ratio 
Hemp Yarns 
Hemp Water Yarn 6.8 (18) 1 33.9 (2) 1 
Hemp CNC Yarn 25.8 (10) 3.8 49.6 (8) 1.5 
Hemp CNF 50G Yarn 24.6 (23) 1.4 142.9 (2) 1.7 
Hemp CNF 100G Yarn 10.4 (20) 0.9 48.5 (16) 0.9 
Hemp CNF UG Yarn 48.3 (12) 2.2 171.2 (11) 1.6 
Flax Yarns 
Flax Water Yarn 9.9 (31) 1 39.1 (20) 1 
Flax CNC Yarn 24.7 (10) 1.2 95.6 (21) 1 
Flax CNF 50G Yarn 16.4 (5) 1.2 119.9 (15) 1.5 
Flax CNF 100G Yarn 23.4 (29) 1.3 107.7 (13) 2.2 
Flax CNF UG Yarn 17.7 (31) 1.1 65.5 (13) 1.2 
Hemp Tapes 
Hemp Water Tape 0.3 (45) 1 0.3 (40) 1 
Hemp CNC Tape 3.0 (31) 4.2 1.1 (6) 2.2 
Hemp CNF 50G Tape 22.2 (11) 36 8.1 (4) 28.6 
Hemp CNF 100G Tape 21.4 (36) 40.9 6.6 (35) 32.1 
Hemp CNF UG Tape 11.2 (9) 18.3 4.1 (9) 15.5 
Flax Tapes 
Flax Water Tape 5.9 (86) 1 0.72 (5) 1 
Flax CNC Tape 28.4 (6) 30.5 34.2 (10) 16.2 
Flax CNF 50G Tape 43.4 (17) 36.6 57.8 (10) 35.3 
Flax CNF 100G Tape 57.8 (39) 39.5 52.7 (11) 44.8 
Flax CNF UG Tape 34.3 (34) 39.3 46.6 (15) 38.1 
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different natural fibers on dewatering and drying of cellulose nanomaterial suspensions showed that mixing 
with natural fibers will facilitate drying of the suspensions. Besides, the influence of mixing natural fibers with 
CNC on dewatering was more considerable. Evaluating tensile properties of yarns and tapes showed that the 
CNF suspension that was ground had pronounced adhesion with natural fibers and thus, had considerable 
influence on increasing tensile properties of tapes. Comparison of yarns showed that the CNC suspension had 
penetrated better into natural fibers in the yarn structure thereby producing a major increase in the tensile 
properties of the yarns. Comparison of the tensile test results of single fibers with those obtained from yarns 
and tapes showed that the reinforcement ratio of nanocellulose in single fibers was far beyond the 
reinforcement ratio of yarns and tapes. Thus, adhesion between fibers and nanocellulose suspensions and the 
yarn structure can be considered to play an important role in tensile properties of these structures. This paper 
presents a new application of cellulose nanomaterials, which can potentially provide an opportunity for the 
incorporation of cellulose nanomaterials in textile structures. The wet application of cellulose nanomaterials 
provides the possibility to maintain the nano-scale dimensions of these materials in the structure of the final 
product leading to considerable enhancements in mechanical properties.  
 
 
 
 
 
 
 
 
 
 
 
35 
 
2.6. BIBLIOGRAPHY 
1. Turbak, A.F.; Snyder, F.W.; Sandberg, K.R.,Microfibrillated cellulose, a new cellulose product: properties, 
uses, and commercial potential. ITT Rayonier Inc., Shelton, WA.1983. 
2. LLP, M.I., Global Nanomaterials Market - Segmented by Product Type, End-User Industry, and Geography - 
Trends and Forecasts (2015-2020). 2016.  https://www.reportbuyer.com/product/3281911/global-
nanomaterials-market-segmented-by-product-type-end-user-industry-and-geography-trends-and-forecasts-
2015-2020.html. (Accessed 07 May 2019) 
3. Dufresne, A., Nanocellulose: a new ageless bionanomaterial. Materials Today 2013,16, 220-227 
4. Revol, J.-F.; Godbout, L.; Dong, X.-M.; Gray, D.G.; Chanzy, H.; Maret, G., Chiral nematic suspensions of 
cellulose crystallites; phase separation and magnetic field orientation. Liquid Crystals 1994,16, 127-134. 
5. Dufresne, A., Nanocellulose: From Nature to High Performance Tailored Materials. De Gruyter. 2012, 460p. 
6. Moon, R.J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J.,  Cellulose nanomaterials review: structure, 
properties and nanocomposites. Chem Soc Rev  2011, 40, 3941-3994. 
7. Ghasemi, S.; Tajvidi, M.; Bousfield, D.; Gardner, D.; Gramlich, W., Dry-Spun Neat Cellulose Nanofibril 
Filaments: Influence of Drying Temperature and Nanofibril Structure on Filament Properties. Polymers 2017, 
9, 392, 1-13. 
8. Nechyporchuk, O.; Belgacem, M.N.; Bras, J., Production of cellulose nanofibrils: A review of recent 
advances. Industrial Crops and Products. 2017, 93, 2-25. 
9. Peng, Y.; Gardner, D.J.; Han, Y., Drying cellulose nanofibrils: in search of a suitable method. Cellulose 
2012,19, 91-102. 
10. Voronova, M.I.; Zakharov, A.G.; Kuznetsov, O.Y.; Surov, O.V., The effect of drying technique of 
nanocellulose dispersions on properties of dried materials. Materials Letters 2012, 68, 164-167. 
11. George, J.; Sabapathi, S.N., Cellulose nanocrystals: synthesis, functional properties, and applications. 
Nanotechnology, Science and Applications 2015, 8, 45-54. 
12. Xu, X.; Liu, F.; Jiang, L.; Zhu, J.Y.; Haagenson, D.; Wiesenborn, D.P., Cellulose Nanocrystals vs. Cellulose 
Nanofibrils: A Comparative Study on Their Microstructures and Effects as Polymer Reinforcing Agents. ACS 
Applied Materials & Interfacesb 2013, 5, 2999-3009. 
13. Bledzki, A.K.; Gassan, J., Composites reinforced with cellulose based fibres. Progress in Polymer Science 
1999, 24, 221-274. 
14. Eichhorn, S.J.; Baillie, C.A.; Zafeiropoulos, N.; Mwaikambo, L.Y.; Ansell, M.P.; Dufresne, A.; Entwistle, 
K.M.; Herrera-Franco, P.J.; Escamilla, G.C.; Groom, L.; Hughes, M.; Hill, C.; Rials, T.G.; Wild, P.M., 
Review: Current international research into cellulosic fibres and composites. Journal of Materials Science 
2001, 36, 2107-2131. 
15. Hinchcliffe, S.A.; Hess, K.M.; Srubar Iii, W.V., Experimental and theoretical investigation of prestressed 
natural fiber-reinforced polylactic acid (PLA) composite materials. Composites Part B: Engineering 2016, 95, 
346-354. 
16. Kim, W.; Argento, A.; Lee, E.; Flanigan, C.; Houston, D.; Harris, A.; Mielewski, D.F., High strain-rate 
behavior of natural fiber-reinforced polymer composites. Journal of Composite Materials 2012, 46, 1051-
1065. 
17. Taha, I.; Ziegmann, G., A comparison of mechanical properties of natural fiber filled biodegradable and 
polyolefin polymers. Journal of Composite Materials 2006, 40, 1933-1946. 
36 
 
18. Yu, L.; Dean, K., Li, L., Polymer blends and composites from renewable resources. Progress in Polymer 
Science 2006, 31, 576-602. 
19. Robles, E.; Urruzola, I.; Labidi, J.; Serrano, L., Surface-modified nano-cellulose as reinforcement in 
poly(lactic acid) to conform new composites. Industrial Crops and Products 2015, 71, 44-53. 
20. Pickering, K.L.; Aruan Efendy, M.G., Preparation and mechanical properties of novel bio-composite made of 
dynamically sheet formed discontinuous harakeke and hemp fibre mat reinforced PLA composites for 
structural applications. Industrial Crops and Products 2016, 84, 139-150. 
21. Wambua, P.; Ivens, J.; Verpoest, I., Natural fibres: can they replace glass in fibre reinforced plastics? 
Composites Science and Technology 2003, 63, 1259-1264. 
22. Zhu, L.; Goda, K. Strengthening and stiffening of ramie yarns by applying cyclic load treatment. Journal of 
Applied Polymer Science 2008, 109, 889-896. 
23. Zhu, L.; Ren, B.S.; Goda, K. Improvement of Tensile Properties of Ramie Yarns by Applying a Winding 
Machine with Heat Treatment. Journal of Applied Polymer Science 2010, 118, 685-692. 
24. Hebeish, A.; Farag, S.; Sharaf, S.; Shaheen, T.I., Advancement in conductive cotton fabrics through in situ 
polymerization of polypyrrole-nanocellulose composites. Carbohydrate Polymers 2016, 151, 96-102. 
25. Minko, S.; Sharma, S.; Hardin, I.; Luzinov, I.; Daubenmire, S.W.; Zakharchenko, A.; Saremi, R.; Kim, Y.S., 
Textile dyeing using nanocellulosic fibers. 2016, Google Patents. 
26. Hakansson, K.M.; Fall, A.B.; Lundell, F.; Yu, S.; Krywka, C.; Roth, S.V.; Santoro, G.; Kvick, M.; Prahl 
Wittberg, L.; Wagberg, L.; Soderberg, L.D. Hydrodynamic alignment and assembly of nanofibrils resulting in 
strong cellulose filaments. Nat Commun  2014, 5, 4018, 1-11. 
27. Iwamoto, S.; Isogai, A.; Iwata, T. Structure and Mechanical Properties of Wet-Spun Fibers Made from 
Natural Cellulose Nanofibers. Biomacromolecules 2011, 12, 831-836. 
28. Lundahl, M.J.; Cunha, A.G.; Rojo, E., Papageorgiou, A.C., Rautkari, L., Arboleda, J.C., Rojas, O.J., Strength 
and Water Interactions of Cellulose I Filaments Wet-Spun from Cellulose Nanofibril Hydrogels. Scientific 
Reports 2016, 6, 30695, 1-14. 
29. Hooshmand, S.; Aitomäki, Y.; Berglund, L.; Mathew, A.P.; Oksman, K., Enhanced alignment and mechanical 
properties through the use of hydroxyethyl cellulose in solvent-free native cellulose spun filaments. 
Composites Science and Technology 2017, 150, 79-86. 
30. Hooshmand, S.; Aitomäki, Y.; Norberg, N.; Mathew, A.P.; Oksman, K., Dry-Spun Single-Filament Fibers 
Comprising Solely Cellulose Nanofibers from Bioresidue. ACS Applied Materials & Interfaces 2015, 7, 
13022-13028. 
31. Hooshmand, S.; Aitomäki, Y.; Skrifvars, M.; Mathew, A.; Oksman, K., All-cellulose nanocomposite fibers 
produced by melt spinning cellulose acetate butyrate and cellulose nanocrystals. Cellulose 2014, 21, 2665-
2678. 
32. Tajvidi, M.; Gardner, D.J.; Bousfield, D.W., Cellulose nanomaterials as binders: laminate and particulate 
systems. Journal of Renewable Materials. 2016, 4(5), 365-376. doi:10.7569/JRM.2016.634103 
33. Lilholt, H.; Lawther, J.M.  Natural Organic Fibers A2 - Kelly, Anthony, in: Zweben, C. (Ed.), Comprehensive 
Composite Materials. Pergamon, Oxford, 2000, 303-325. 
34. Madsen, B.; Hoffmeyer, P.; Lilholt, H., Hemp yarn reinforced composites – II. Tensile properties. 
Composites Part A: Applied Science and Manufacturing 2007a, 38, 2204-2215. 
35. Madsen, B.; Hoffmeyer, P.; Thomsen, A.B.; Lilholt, H., Hemp yarn reinforced composites – I. Yarn 
characteristics. Composites Part A: Applied Science and Manufacturing 2007b, 38, 2194-2203. 
37 
 
36. Thomas, S.; Pothan, L.A. Natural Fibre Reinforced Polymer Composites: From Macro to Nanoscale.  Paris; 
Philadelphia (Pa): Éd. des Archives contemporaines; Old City Publishing.2009. 
 
  
38 
 
CHAPTER 3 
DRY-SPUN NEAT CELLULOSE NANOFIBRIL FILAMENTS: INFLUENCE OF DRYING 
TEMPERATURE AND NANOFIBRIL STRUCTURE ON FILAMENT PROPERTIES 
 
3.1. Chapter Summary 
 
Cellulose nanofibrils (CNF) were spun into filaments directly from suspension without the aid of solvents. The 
influence of starting material properties and drying temperature on the properties of filaments produced from 
three different CNF suspensions was studied. Refiner produced CNF was ground using a microgrinder at 
grinding times of 50 and 100 minutes. Filament spinning was performed using a syringe pump-heat gun setting 
at three drying temperatures of 210 °C, 320 °C and 430 °C. The structure of starting CNF materials was first 
evaluated using a combination of optical and atomic force (AFM) microscopy techniques. Surface free energy 
analysis and attenuated total reflectance – Fourier transform infrared spectroscopy (ATR-FTIR) were used to 
study changes in hydrophobicity attributable to grinding. Morphology of the filaments was studied using SEM 
micrographs. Influence of different drying temperatures and grinding times on mechanical properties of the 
CNF filaments were further investigated through tensile tests and results were compared using statistical 
testing .It was observed that drying temperature did not significantly influence tensile properties of the 
filaments while cellulose nanofiber suspension type (grinding time) had a significant influence and improved 
mechanical properties. FTIR results confirmed an increase in crystallinity index and decrease in hydroxyl 
group availability as a result of grinding. 
3.2 Introduction 
Most commercially available nanomaterials lack biodegradability or recyclability thus have limited 
applications where recyclability and renewability are of interest. Cellulose nanofibrils (CNF) which are 
mechanically derived from wood pulp are widely regarded as materials that have the potential to help the 
declining pulp and paper industry by providing added value to low-demand wood pulp. These nanoscale fibrils 
offer an interesting package of physical and mechanical properties, making them potential candidates for a 
wide variety of applications to solve issues with current materials [1, 2]. 
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While conventional natural fibers such as hemp, kenaf and jute satisfy the bio-degradability requirements, they 
cannot compete with synthetic fibers in terms of performance. CNF has exceptional properties which is 
promising to fill the material property gap between natural fibers and technical materials [1, 2]. Studies on the 
properties of different cellulose nanomaterials has resulted in the emergence of many new applications [3,4]. 
One of the key potential applications of the cellulose nanofibrils is using these materials in textile products as 
high-tech or conventional products. For these materials to be usable for most textile applications, they should 
first be produced in the form of textile filaments or yarns. As cellulose nanofibrils are naturally produced in the 
form of a low consistency slurry (about 97% water content), a method to produce filaments is applicable only 
if the proposed method can easily remove this high amount of water in the suspension while maintaining 
nanofibril alignment and avoiding agglomeration.  
Different methods have been proposed for the production of cellulose nanofibril filaments all of which can be 
classified into two categories of wet and dry- spinning. Wet spinning refers to processes in which the spun 
filaments enter a coagulation bath before being dried. On the other hand, dry spinning methods do not use such 
a bath. Hoshmand et al. (2015) [5] used a dry-spinning method to produce CNF filaments. They used a 
capillary rheometer to extrude the CNFs. They also studied the influence of different CNF concentrations (8, 
10 & 12 wt.%) and spinning speeds (72, 144 & 216 mm/s) on the mechanical properties of the resulted 
filaments as well as nanofibril orientation. It was revealed that the best mechanical properties belonged to the 
filaments produced using the lowest solids content and highest spinning rate. Iwamoto et al. (2011) [6] used 
wet-spinning of TEMPO-mediated wood pulp and tunicate cellulose and studied the influence of different 
spinning rates on the alignment and strength of the spun filaments. They used spinning rates of 0.1-100 m/min. 
It was reported that as the spinning rate increased, the mechanical properties of the filaments increased as a 
consequence of the increase in orientation. The authors reported that the highest modulus belonged to 
filaments spun from nanofibrils spun at 100m/min.  
Walther et al. (2011) [7] proposed a method for wet spinning of renewable cellulose nano-fibrils. Their CNF 
production process was similar to TEMPO (2,6,6-Tetramethylpiperidin-1-yl)oxyl)-mediated oxidation that was 
followed by homogenization using a microfluidizer. They used a syringe for wet extrusion of the CNF 
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hydrogels in an organic solvent. The resultant macro-fibers were reported to have comparatively high 
mechanical properties. Lundhal et al. (2016) [8] used TEMPO-mediated CNF and CNF hydrogels for the 
production of the filaments and studied water interaction, alignment and strength of the resulted filaments. 
They used CNF hydrogels with solid contents of 2 wt.%, 5 wt.% and 7 wt.% and TEMPO oxidized CNF 
(TOCNF) with 2 wt.% solid content and reported that the highest tensile modulus among filaments produced 
belonged to CNF 2 wt.%. Hakanson et al. [9] proposed a method for the production of filaments from low-
concentration CNF suspension (3 g l-1) in water using hydrodynamic alignment with a dispersion-gel transition 
to help aligning fibrils in the filament structure. They used a fixed core flow rate using different sheath flow 
rates and different sheath NaCl concentrations. Reported mechanical properties of the filaments using the 
proposed method showed maximum mechanical properties for the filaments spun using the highest NaCl 
concentration (100mM) and the highest acceleration rate (1.15, sheath rate/core rate). 
While a number of research groups have focused on CNF filament production and properties as influenced by 
spinning rate, solids content, draw ratio and alignment, no reports are available to provide information on the 
effects of the structure of the starting CNF material and drying conditions (drying rate) on the properties of the 
resultant filaments. In the present work, we have proposed a spinning assembly based on dry-spinning and 
studied the influence of different drying temperatures and cellulose nanofibril types on the properties of the 
continuous filaments.  
3.3. Materials and Methods  
The original CNF suspension used for the production of filaments had a solids content of 3 wt.% and was 
supplied by the University of Maine’s Process Development Center. This CNF material is produced by 
mechanically refining softwood Kraft pulp to a 95% fines content without any chemical treatments. This 
product was used as unground CNF without further grinding. Two other grades of CNF suspensions were 
produced in the lab from the original CNF by grinding it in a micro-grinder (Masuko Sangyo, Model: 
MKCA6-2/, Japan) for 50 and 100 minutes. Throughout this paper, CNF 50G and CNF 100G refer to CNF that 
was ground for 50 and 100 minutes, respectively. The original (unground) CNF is designated as UG in this 
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paper. The grinding procedure was carried out at 1wt.% solids content and suspensions used for spinning 
procedure were all at 1 wt.% solids content.   
Filament production was done using a dry spinning/drying setting. A schematic of the spinning and drying 
assembly is presented in Figure. 3.1a and the spinning assembly and heat gun position are shown in Figure. 
3.1b. The syringe spinning was followed by a take-up roller which was heated by a heat gun mounted at a 10 
cm distance. To help the extruded structures keep their circular cross-section, the surface of the take-up roller 
was sprayed with cooking oil to reduce surface tension as suggested by Shen et al. 2016[10]. 
 
Figure. 3.1. Filament spinning method and tensile testing (a) schematic representation of the spinning 
assembly; (b) photo of spinning assembly and heat gun; (c) schematic presentation of the sample tabbing for 
tensile test and (d) sample in DMA machine. 
 
The spinning speed was constant during spinning and was set at 11m/min. Take-up speed was also set constant 
for 12 m/min during filament production. Spinning was done using a 30 ml syringe and a blunt needle with 
1.48 mm diameter. CNF filaments were produced using three different types of cellulose nanofibril 
suspensions (unground, 50 min. ground and 100 min. ground) and were dried under three different heating 
42 
 
protocols of 210 °C, 320 °C and 430 °C. It is important to note that these temperatures are temperatures set at 
the heat gun and the actual temperature on the filament surface would never reach these values because of the 
presence of liquid water. The highest surface temperature measured on filaments was 92°C for the 430°C 
filament at drying point. Air dried samples were also made at room temperature as a reference. Average 
filaments’ diameters after drying were 0.15 mm for air-dried filaments, 0.17mm for those dried at 210°C, 
0.16mm for 320°C and 0.17 mm for the filaments dried at 430°C, because of the CNF shrinkage during drying. 
Table 3.1 shows different sample combinations and coding. 
To study the influence of grinding procedure on the properties of CNF suspensions, different studies were 
conducted on CNF films. These included surface properties and fibril size and fibril size distribution as well as 
determination of crystallinity index.   
Table 3.1.Different sample combinations and coding. 
Microscopic methods were used to study the influence of grinding on the cellulose nanofibril suspensions. 
Very dilute suspensions of each CNF type were poured on a microscope glass slide and microscopic images 
were obtained from dried CNF films formed on the slide. An AmScope microscope (Model ME520TA, Irvine, 
CA) was used to image the samples from which microscale particle size and particle size distributions were 
determined through image analysis by analyzing at least 100 fibrils of each CNF type.   
Atomic force microscopy (AFM) was used to image the surface of films produced from a dilute suspension of 
each CNF type formed on a glass slide cover. A countertop ezAFM atomic force microscope (Nanomagnetics 
 
CNF type Air dried-25° C 210° C(400 °F) 320° C(600°F) 430° C(800°F) 
Unground (original CNF) UG-Air-dried UG-210 UG-320 UG-430 
50-minute ground CNF 50G-Air-dried 50G-210 50G-320 50G-430 
100-minute ground CNF 100G-Air-dried 100G-210 100G-320 100G-430 
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Instruments, UK) was used to evaluate the fibrils at nanoscale and for the comparison of fibril size distribution 
of different CNF suspensions. At least 100 fibrils of each CNF type were evaluated. 
To study the influence of grinding on the surface properties of dried CNF materials, films were produced form 
1 wt.% suspension of each CNF type through solution casting at room temperature. A Mobile Surface 
Analyzer (MSA, KRÜSS GmbH, Germany) was used to measure surface properties of the films. Contact 
angles were measured using two liquids of water and diiodomethane. Surface free energy (determined using 
the OWRK model [11]), as well as polar and disperse parts of the surface free energy were calculated using the 
surface analyzer and accompanying software. 
 To study if the grinding process brought about any changes in the chemical structure and hydroxyl group 
availability of the CNF suspensions and to determine the crystallinity index for comparing crystallinity of the 
CNF suspensions using OH and CO peak intensities [12], films of each CNF type were dried in an oven at 
100˚C overnight and ATR-IR spectra of the surface were obtained using a Spectrum two IR spectrometer 
(Perkin Elmer, Waltham, MA).  
After understanding the property differences between different CNF suspensions, a number of characterization 
methods were used to characterize filaments produced from these CNFs and dried under different drying 
temperatures. 
Scanning electron microscopy was used to study surface properties, microscale alignment and cross section 
circularity of the filaments. A desktop Hitachi SEM, TM 3000 (Hitachi, Ltd., Tokyo, Japan) was used for SEM 
imaging. No sputter coating is required for imaging using the TM 3000. Micrographs of surface and cross-
section of the filaments produced from different cellulose nanofibril suspensions and using different drying 
temperature were obtained. 
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Figure. 3.2. Microscopic images of the very dilute suspensions of CNF after drying and particle size 
distributions: (a) CNF UG ; (b) CNF 50G; (c) CNF 100G . Histograms of fibril size distribution for different 
CNF suspensions: (d) CNF UG; (e) CNF 50G; (f) CNF 100G. 
To study tensile properties of the filaments, tensile tests were done using a dynamic mechanical analyzer 
(DMA) in static mode. A DMA Q800 was used to run tensile tests on filaments. Tensile testing was carried out 
according to ASTM D3822. 10 specimens from each group of filaments were used for tensile tests. Specimens 
were tabbed according to ASTM D3822 (Figure. 3.1c.) with 25.4 mm gauge length and were tested using a 
controlled force method (Figure. 3.1d.). Ramp force of 2 N/min was applied on the samples until failure and 
tensile properties including tensile modulus and tensile strength were calculated. 
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3.4. Results 
3.4.1. Fibril size and fibril size distribution 
As shown in Figure. 3.2, grinding resulted considerable decrease in fibril size and fibril size distribution in the 
suspensions. As the optical microscopic method (Figures. 3.2a-c.) provides information on the fibrils on the 
micron size scale, the influence of grinding on fibril size on the micron scale along with fibrils size distribution 
for each suspension is reported here. To evaluate fibril size changes on the nano size-scale, AFM imaging was 
used. This practice has been previously reported by our research group and provides a better understanding of 
fibril size and fibril size distribution by combining micro- and nano-scale characterization methods [13].  
3.4.2. AFM characterization:  
Atomic force microscopy in tapping mode was used to scan the surfaces of the samples made from drying a 
very dilute drop of each CNF suspension on a glass surface. These images are presented in Figures. 3.3a-c. 
Studies on the line surface roughness of different CNF suspensions was done using the control software of the 
AFM device and average roughness of 0.06 m was reported for unground CNF while it was 0.03 m for  
CNF 50G and 0.05 m for  CNF 100G. 
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Figure. 3.3.AFM imagery of the CNF films: (a) CNF UG; (b) CNF 50G; (c) CNF 100G. Histogram 
of fibril size distributions for different CNF suspensions using AFM micrographs: (d) CNF UG; (e) 
CNF 50G; (f) CNF 100G. 
 
As shown in Figures. 3.3d-f., grinding resulted more fibrils with nano-scale diameters compared to the 
unground one. Similar to the optical microscopy method, fibril size and size distribution were measured from 
AFM images (Figures. 3.3a-c.). As shown in Figure. 3.3, grinding decreased fibril size on the nanoscale; fibrils 
size distribution also became narrower by grinding.  
 
3.4.3. Surface properties of CNF films 
Results obtained from surface analysis of films produced from different CNF suspensions were compared and 
reported in Table 3.2. 
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Table 3.2. Surface properties of films made from different CNF suspensions in room temperature. 
CNF 
Type 
Water Contact 
Angle [°] 
Diiodomethane 
Contact Angle [°] 
Surfacefree energy 
[mN/m] (OWRK 
model ) 
Disperse portion 
[mN/m] 
Polar portion 
[mN/m] 
UG 56.37 (9.94) 54.10 (2.01) 49.80 (7.39) 31.96 (1.14) 17.84 (6.24) 
50G 64.06 (7.28) 50.00 (5.33) 46.52 (7.21) 34.27 (2.97) 12.24 (4.24) 
100G 71.69 (14.67) 50.84 (8.11) 42.20 (11.88) 33.80 (4.55) 8.39 (7.33) 
 
As shown in Table 3.2, grinding resulted in an increase in water contact angle and decrease in surface free 
energy of the films. The polar portion of surface free energy showed a considerable reduction suggesting 
decrease in hydrophilicity  of highly ground CNF material and potentially decrease in the available hydroxyl 
groups on the surface. Previous studies have mentioned parameters influencing contact angle and surface 
energy of cellulose structures. Surface roughness and chemical composition are two most important factors 
influencing contact angle of cellulose films and papers [14-16]. These factors were evaluated here.  
3.4.4. ATR-FTIR results 
 ATR-FTIR was used to study the influence of grinding on chemical structure, in particular, accessibility of 
hydroxyl groups on the surface of the films as a proxy for the surface properties of CNF filaments. Hydroxyl 
groups are responsible for hydrogen bonding in cellulose and structure of cellulose is highly influenced by the 
hydrogen bonds made by OH groups [17]. Absorbance values were obtained and the ratio between -OH 
content (represented as area under the peak at 3400 cm-1) and -CO content (represented as area under the peak 
at 1050 cm-1), which is also referred to as the hydrogen bond intensity (HBI) [18-19] was calculated and 
compared for the three types of films. Results are presented in Figure. 3.4 where the O-H/C-O ratio showed a 
decrease as a result of grinding CNF suspensions. Crystallinity index was also calculated using the ratio of the 
absorbance value at 1427cm-1 and 895cm-1. These two peaks are attributed to CH2 bending and deformation of 
anomeric CH [12,20]. The crystallinity index showed to increase from 0.91 for the UG film to 1.12 for the 50G 
film and 1.23 for the 100G film, which is an indicator of increase in crystallinity by grinding.   
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Figure. 3.4. OH/CO ratio of different CNF suspension films as obtained from ATR-FTIR. 
 
3.4.5. Morphology of the filaments 
SEM micrographs of the filaments dried under different drying temperatures are presented in Figure. 3.5. 
These micrographs were evaluated to study the influence of drying temperature and CNF grinding on the 
morphological properties of the filaments.  
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Figure. 3.5. SEM micrographs from surface of filaments dried under different temperatures: (a) 
CNF 100G air-dried; (b) CNF 100G 210 ˚C; (c) CNF 100G 320 ˚C; (d) CNF 100G 430 ˚C. SEM 
micrograph of cross-sections of filaments dried under different drying temperatures: 
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As it is shown in Figures. 3.5a-d., drying temperature did not appears to make a difference in filament 
structure. SEM micrographs were also obtained from cross-sections of the filaments dried under different 
temperatures to evaluate the influence of drying rate on the structure of the filaments. These micrographs were 
obtained for all three types of CNF suspensions at four different drying temperatures. As the general 
morphology was similar for different CNF suspensions, SEM micrographs of the 100G CNF formulation are 
presented in Figure. 3.5 for brevity. As seen in Figures 3.5e-h., the cross-sections of the filaments were almost 
the same with relatively acceptable circularity despite the fact that very dilute suspensions were spun.  
 
3.4.6. Tensile properties of filaments 
 
Figure. 3.6a shows a typical comparative stress/strain graph for the 50G filaments produced using different 
drying temperatures. As it is shown in Figure. 3.6a, samples of filaments that were dried at 210˚ C exhibited 
the weakest mechanical properties. As diameter and density measurements did not confirm a consistent trend, 
we were not able to understand why this particular sample was weaker than others. Figures. 3.6b-c present all 
results of the tensile tests of the samples. Filaments produced form CNF 100G showed the best mechanical 
properties of both initial modulus and strength. Initial modulus is the slope of the first linear part of the stress-
strain curve also called Young’s modulus or elastic modulus. In addition, samples dried at 430˚C exhibited 
acceptable mechanical properties compared with those air-dried. It is notable that samples that were dried at 
430˚C were heated for less than 1 minute, while those which were air-dried were left to dry for 24 hrs. The 
significance of the differences between the tensile properties of filaments produced from different CNF types 
and different drying temperatures was evaluated using statistical analysis. These will be discussed in the 
following section. 
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3.5. Discussion 
The influence of drying temperature and starting CNF material structure on the properties of filaments 
produced form CNF is a new topic that has not been studied before. As CNF is naturally produced as a water 
suspension containing around 97% water, drying procedure is a time- consuming, expensive and crucial step 
for the production of any material from cellulose nanofibrils, in particular CNF filaments. This emphasizes the 
importance of optimizing drying conditions to obtain the highest mechanical properties in the shortest time.  
 
Figure 3.6.  Typical stress/strain curves of filaments made from the 50G sample dried under different drying 
temperatures. Results of tensile tests of the filaments: (b) Young’s modulus or initial modulus of the filaments; 
(c) strength of the filaments. 
Studies on the CNF suspensions produced using different grinding times showed that grinding resulted in a 
significant decrease in the size of the fibrils and also decreased variability in the fibril size. AFM images 
supported the finding of decrease in the fibrils size by increasing the grinding time. AFM images provided 
more information about appearance of more fibrils with nanoscale width because of disentanglement of fibrils 
during grinding procedure. ATR-FTIR results also confirmed increase in the crystallinity of the CNF 
suspensions by grinding. 
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Surface analysis was conducted to see if grinding has an influence on the surface properties of the films as they 
are expected to be highly hydrophilic because of the presence of hydroxyl groups. The results showed a 
notable decrease in the surface free energy of the films produced from ground CNF and increase in water 
contact angle of the surface of the films. To study if these differences are a result of chemical changes 
indicating more internal interactions of the hydroxyl groups or they are a result of change in the surface 
roughness, ATR-FTIR results were obtained. These results showed that the ratio of O-H groups to C-O groups 
decreased by grinding CNF suspensions. Surface analysis and ATR-FTIR results were complementary 
indicating a decrease in available hydroxyl groups on the surface perhaps as a result of increased internal 
hydrogen bonding after grinding. According to Wenzel’s equation, for a droplet on a hydrophilic surface, 
contact angle will also decrease with increase in surface roughness [14-16]. As mentioned before, AFM results 
of surface roughness showed a line roughness value of 0.06m for CNF UG while the value of surface 
roughness was 0.03m for CNF 50G and 0.05m for CNF 100G. On the other hand, decrease in the ratio of 
OH/CO group will also result in decrease in available hydroxyl groups and thus decrease in active groups 
 
Figure. 3.7. Influence of OH/CO ratio on the contact angle, surface free energy and polar part of the 
surface free energy of the films (the values of OH/CO for different CNF suspensions w: CNF UG 
=0.681, CNF 50G=0.605, CNF 100G=0.572). 
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which can bond with water. Figure. 3.7. shows the influence of these chemical parameters on surface 
properties of the films. By increase in OH/CO (increase in available hydroxyl groups) water contact angle 
decreased, while surface free energy and the polar component of surface free energy increased. It appears that 
both chemical and physical parameters are influencing surface properties of CNF films. For better 
understanding of changes in chemical and physical properties attributable to grinding, hydroxyl number 
determination on super-critically dried CNF samples can be helpful.  
Figure 3.8a shows the comparison of strength and Young’s modulus of filaments dried under different 
temperatures. Two-way analysis of variance (ANOVA) was used to study differences between different groups 
of samples. Results of Duncan’s multiple range test are also shown on the graphs in Figure 3.8. Values with 
the common letter are not significantly different at 95% confidence level. The difference between samples 
dried under different drying temperatures was only significant between filaments dried under 210˚C and other 
samples. It is notable that the difference between Young’s modulus values of samples dried at 430˚C and those 
air-dried was not statistically significant. The difference was more noticeable for strength values but, still not 
significant between samples dried under 430˚C and the ones that were air-dried. The ANOVA test for samples 
produced using different CNF suspensions showed significant differences between different groups and 
 
Figure. 3.8.  Influence of drying temperature on initial modulus and strength of filaments classified 
according to drying temperature (each bar represents average value for filaments produced from different 
CNF types dried at the temperature listed); (b) Influence of CNF grinding time on initial modulus and 
strength of the filaments. 
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Duncan’s test classified samples into three different subsets. Filaments produced from CNF suspension ground 
for 100 min had the highest mechanical properties. Increase in the mechanical properties of filaments is the 
result of both physical and chemical parameters. It can be attributed to the mechanical interlocking of fibrils, 
decrease in roughness by grinding, hydrogen bonding of the more available hydroxyl groups which will result 
less available hydroxyl groups on the surface and will support results of surface analysis. Further evaluations 
of the role of each parameter will need more in-depth analysis of the hydroxyl groups and crystalline structure. 
These will remain interesting areas to explore in our future work.  
Crystallinity and fibril orientation are known to influence mechanical properties of CNF filaments 
significantly. Crystallinity index calculated for different CNF suspensions confirmed the increase previously 
reported by others [4] because of grinding. The best mechanical properties among filaments produced using 
different CNF suspensions and different drying temperatures belonged to the filaments produced using CNF 
100G dried under 430C. Filaments produced from CNF 100G under 430C had Young’s modulus of 6.5 GPa 
and strength of 100 MPa. This can be attributed to increase in the crystallinity by grinding CNF. In this work, 
filaments were produced without any drawing with constant spinning rate. Thus, no difference between fibril’s 
orientations in the filament structure was expected. This was confirmed by polarized light microscopy where 
no considerable color change was observed when filaments were rotated between cross-polarized filters. It is 
expected that spinning rate and drawing would result in significant increase in the mechanical properties as 
they will increase fibril orientation.  
Results of tensile tests done by Hooshmand et al. [5] showed that the highest mechanical properties 
corresponded to the filaments produced at the lowest solids content and highest spinning rate; the highest 
Young’s modulus reported was 12.6 GPa and the highest strength was 222 MPa which belonged to the 
filaments produced at 8 wt. % solids content and 216 mm/s spinning rate. Iwamoto[6] used wet spinning with 
different spinning rates and reported that the best mechanical properties were obtained for filaments spun using 
the highest spinning rate approaching 23 GPa Young’s modulus and 321 MPa strength. Walther et al. [21] 
proposed a new CNF production method along with syringe spinning in a coagulation bath and reported 
mechanical properties of 22.5 GPa Young’s modulus and strength of 275 MPa. Lundhal et al. also used wet 
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spinning in a coagulation bath, for CNF and TOCNF in the range of 2-7 wt. % solids content and reported that 
the highest mechanical properties between CNF samples belonged to the filaments produced using CNF 2 
wt.% which was 15.5 GPa of Young’s modulus and a strength value of 326 MPa. The filament produced using 
TOCNF was reported to have Young’s modulus of 21.3 GPa and 297 MPa strength. Hakanson et al. [9] 
proposed a method for the production of filaments from low-concentration CNF suspensions in water using 
hydrodynamic alignment with a dispersion-gel transition. This method resulted in filaments with mechanical 
properties of 18 GPa Young’s modulus and 490 MPa strength, the highest ever reported. 
The difference between mechanical properties of our filaments and filaments produced using other methods is 
thought to be related to spinning method and spinning rate as well as CNF type and drawing process, which 
can increase fibril orientation in the filaments and result in structures with higher mechanical properties. 
Nonetheless, these comparisons are important as they provide better insight into potential property 
improvements through raw material selection and process optimization.  
3.6. Conclusions 
In this work, we studied the influence of starting CNF type (as affected by grinding time) and drying 
temperature on the properties of filaments produced by dry spinning of cellulose nanofibrils suspensions. 
Optical microscopic and AFM images showed decrease in the fibril size of the suspensions with grinding and 
more uniformity in fibril size distribution after grinding and decrease in surface roughness. ATR-FTIR results 
also confirmed increase in the crystallinity of the CNF with grinding. These changes positively contributed to 
better mechanical properties of the produced filaments potentially by increasing mechanical interlocking and 
hydrogen bonding. Surface analysis showed decrease in surface energy and increase in water contact angle of 
films with grinding which can be attributed to decrease in available hydroxyl groups. ATR-FTIR results 
showed decrease in the ratio of O-H/C-O groups by grinding which can also be a result of decease in available 
hydroxyl groups by increase in internal hydrogen bonds involved in hornification phenomenon. Studies on the 
properties of filaments produced using the presented spinning method showed uniformity in cross-section of 
the filaments despite varying drying temperatures. SEM micrographs of the cross-section showed that cross-
sections of the filaments had acceptable circularity. Studies on tensile properties of filaments showed that 
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filaments dried at 430˚C were not significantly different from those air-dried. In addition, CNF type had a 
significant influence on the properties of the filaments and filaments produced using CNF ground for 100 min 
proved to have the highest mechanical properties. We conclude that drying section of dry spinning for CNF 
filaments can be carried out at higher temperatures over a shorter time leading to time saving and increased 
production rates. A more uniformly distributed particle size distribution with more nano-scale fractions can 
also contribute to better mechanical properties.  
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CHAPTER 4 
EFFECT OF COLLECTION SUBSTRATE SURFACE PROPERTIES ON THE STRUCTURE AND 
MORPHOLOGY OF DRY-SPUN CELLULOSE NANOFIBRIL FILAMENTS 
 
4.1. Chapter Summary 
Utilization of cellulose nanofibrils (CNF) for filament production is a comparatively new approach, which can 
broaden nanocellulose applications by providing continuous long filaments suitable for composite and textile 
applications. Methods are proposed for the spinning of filaments from cellulose nanofibril suspensions, which 
are mainly categorized into two groups, i.e.  dry-spinning and wet-spinning. For the dry-spinning method, the 
substrate on which the filament is spun will have a significant influence on the properties of the filament 
because the as-spun CNF will initially contact it. In this chapter, the influence of different collection substrates 
on the properties of CNF filament were studied. Filaments with an average diameter of 0.1 mm were spun on 
different collection substrates including Teflon tape, Teflon film and glass. The influence of adding oil, as a 
friction modifier, on the surface properties of the substrate and the structure of the resultant filaments was 
evaluated. Wettability of each substrate in the absence of oil, and the presence of a thin layer and a thick layer 
of oil was studied. Circularity of the filaments was measured using image analysis of the cross sections and 
was correlated with the surface properties of the substrates. It was found that while the surface properties of the 
collection substrate were related to the uniformity and cross section circularity of the filaments, those spun on 
a thick layer of oil had the best circular shape irrespective of the substrate material. The results of this study 
can be used to optimize dry-spinning of CNF filaments. 
4.2. Introduction 
Cellulose nanofibrils (CNF) first introduced in the 1980s [1] and further developed in the 1990s [2] are mainly 
derived from the mechanical deconstruction of bleached wood pulp into a low-consistency aqueous 
suspension. CNF is a promising type of cellulose nanomaterial with high potential for large volume 
applications [3]. Evaluation of the prospects of using CNF in different applications has been the subject of 
many studies [4, 5]. The use of various types of cellulose nanomaterials for different applications has been 
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reported in recent works [6, 7]. Oksman et al. 2016 reviewed the techniques in the production of cellulose 
nanofibril composites, an area of research that has received considerable attention over the past several years 
[8].  
CNF is a nano-scale fiber material normally available in the form of a suspension with more than 95% water.  
When dewatered and dried, CNF offers good adhesion properties. Adhesive properties of CNF have been the 
subject of some recent studies focused on various applications of these interesting materials [3, 9]. Potential 
applications of CNF as binder and dewatering procedures have also been the subject of many recent 
publications focusing on lignin-containing CNF (LCNF)[10], use of CNF as a binder to produce particleboard 
panels [11-13], use of CNF as a binder for paper laminates [14] and more recently the application of CNF for 
the reinforcement of natural fiber yarns [15]. 
One promising application of CNF is for the production of continuous filament structures which are the basic 
raw material for the textile industry. The production of continuous filaments from CNF is mostly based on two 
methods of spinning: wet-spinning in a coagulation bath and dry-spinning on a collection substrate. During the 
wet-spinning procedure, the filament is directly spun in the coagulation bath, which helps solidify the structure 
and increases tensile strength [16, 17]. In contrast, during the dry-spinning procedure, the filament is spun on a 
collection substrate and is dried (either air-dried or heat-dried) to acquire structural strength [18, 20].  
A number of research groups have focused on the assembly procedure and methods to improve tensile and 
physical properties of filaments produced through spinning [19-21]. Håkansson et al. (2014), proposed a wet-
spinning method for the production of filaments based on hydrodynamic alignment. A low-concentration CNF 
suspension in water was spun using hydrodynamic alignment with a dispersion-gel transition to help align 
fibrils in the filament structure. A similar method was used in a recent study by Mittel et al. (2018)[22]. 
Toivonen et al. (2017) and Grande et al. (2017) [23,24] used an interfacial spinning method to produce 
filaments from 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-CNF. Nechyporchuk et al. (2017)[25] worked 
on the wet-spinning of filaments using interfacial complexation of CNF with silica nanoparticles for flame 
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retardant modification. Mohammadi et al. (2017) and Kafy et al.(2017) [26, 27] researched the wet-spinning of 
filaments from CNF and TEMPO-CNF in the coagulation bath and studied different characteristics of the 
resultant  filament. Hooshmand et al. (2015) studied a dry-spinning method using a capillary rheometer to 
produce CNF filaments and used glass as the collection substrate. They also studied the influence of CNF 
concentrations and spinning rates on the mechanical properties and nanofibril orientation of the filaments 
where it was found that low solids content and high spinning rates increased the mechanical properties of the 
filaments. Clemons (2016) and Lundahl et al. (2016) [28,29] have published review papers on the CNF 
spinning and future outlooks, which provides a list of all the works published in spinning of nanocellulose and 
different spinning methods and additives used for filament production and improving filament properties.  
Over the last several years, there has been a logical progression in dry-spinning of CNF dispersions away from 
the more conventional drying (e.g., in hot air) of the spun filaments prior to winding and towards spinning 
directly onto substrates. Because the as-spun filament will first come in contact with the substrate on which the 
filament is collected, the morphology of the filament should be influenced by the substrate type and the 
interaction between the substrate and the suspension liquid. In earlier works [19,20], collection substrates were 
used for dry-spinning of nanocellulose filaments, but the influence of collection substrate on the properties of 
the filaments was first discussed by Shen et al. (2016) who investigated the influence of an adhesion-controlled 
capstan on the filament properties. A low friction surface was formed by wrapping an aluminum capstan with 
polyethylene film and applying a thin layer of oil on the film. The filament was spun on the capstan and air 
dried. Increasing stretch ratio and the use of a low-friction substrate were reported to increase tensile strength 
and orientation of the filaments [30]. No further discussion or evaluation of the interaction between the 
substrate and the spun filament was presented.   
Study of the interaction between CNF and different collection surfaces (substrates) is the first step to better 
understand the influence of collection substrate on filament properties. Adhesion mechanisms can be classified 
into seven categories [31]. On a largescale (0.1-100m), mechanical interlocking is the predominant adhesion 
mechanism that occurs between two surfaces. Mechanical interlocking is highly influenced by surface 
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properties like pores, cavities and roughness [31]. Thermodynamic or wetting adhesion is the interaction 
between adhesive and adherents. Different methods and techniques are used to characterize surface adhesion 
between materials. Surface energy is the parameter used to study wettability and is influenced by the atomic 
and molecular interactions between two surfaces, and is considered as a fundamental material property to 
understand adhesion. 
Wettability is the ability of a solid to make an interface with a liquid which is usually determined by contact 
angle analysis. Contact angle is the angle between the directions of the liquid-solid surface tension (𝛾 ls) and 
the liquid-gas surface tension (𝛾 lg) at the intersection of the drop outline and the surface.  Several methods are 
available for measuring contact angles from which the sessile drop method is one of the commonly-used 
methods (Figure. 4.1). In the sessile drop method the contact angle, as a function of droplet height (h) and 
radius (r), is calculated using Equation 1[32]. 
θ = sin−1
2𝑟ℎ
𝑟2+ℎ2
  (1) 
For complete wetting, the contact angle is considered to be 0. The solid is considered wettable if the contact 
angle is between 0 and 90, and non-wettable if the contact angle is above 90. Surface free energy and 
surface tension are associated with the interactions between adhesive and adhered. According to Young’s 
equation, surface free energy 𝛾 s (𝛾 sg) and surface tension 𝛾 l  (𝛾 lg ) can be expressed using contact angle   
and interfacial tension 𝛾 sl : 
𝛾𝑠 = 𝛾𝑙𝑠 + 𝛾𝑙𝑔 cos 𝜃                 (2) 
 
Figure 4.1. Schematic illustration of sessile drop method. 
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Surface free energy is calculated using different models, which will introduce an equation to measure the 
second unknown variable 𝛾 sl. The Owens, Wendt, Rabel and Kaelble (OWRK) method is one of the most 
frequently-used methods for calculating surface free energy, which relies on the value of polar (𝛾 P) and 
dispersive part (𝛾 D) components of the surface free energy to calculate 𝛾 ls [33]. 
𝛾𝑙𝑠 = 𝛾𝑠 + 𝛾𝑙 − 2(√𝛾𝑠𝐷 . 𝛾𝑙𝐷 + √𝛾𝑠𝑃. 𝛾𝑙𝑃)               (3) 
 
This study focuses on the effect of wettability and surface free energy of collection substrates on the structure 
and morphology of dry-spun CNF filaments. Three different substrates of Teflon film, Teflon tape and glass 
(as used by Hoshmand et al. 2015[19]) are used and the influence of adding oil on the surface properties of the 
substrate as well as final properties of the filament are studied. The influence of the CNF concentration in the 
suspensions is also evaluated. Efforts have been made to explain the role of substrate on the morphology of the 
dry-spun filaments. 
4.3. Materials and Methods 
Cellulose Nanofibrils (CNF) suspension was obtained from the University of Maine’s Process Development 
Center with 3 wt. % solids content. This CNF was diluted to 1.5 wt. % solids content and was further ground 
for 100 minutes as discussed in detail in our previous works [15, 20]. CNF filaments were spun manually with 
two different solids content of 1.2 wt. % and 2.5 wt. % using a 30 ml syringe and a blunt needle with a 1.48 
mm diameter. Filaments of CNF were spun on three different substrates including polytetrafluoroethylene 
(Teflon) film, Teflon tape, and glass (Figure. 4.2a-c). Thick and thin layers of oil were applied on the surfaces 
to study the influence of adding oil on the substrate. Oil was sprayed on the Teflon film surface to form a thick 
layer of oil (Figure. 4.2d). To make a thin layer of oil, a drop of oil was applied on the substrate and a glass 
slide was used to spread it uniformly. A thin layer of vegetable cooking oil was applied on Teflon and glass 
surfaces (Figure. 4.2e) before spinning the filaments. This was used to compare the behavior of the material 
while fully suspended in oil and when in contact with a thin layer of oil. As the filament is suspended on the 
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oil and no solvent exchange is involved, we assume the process can still be considered dry-spinning. Figure. 
4.2. shows the spinning procedure, each collection substrate, and methods of applying oil for thin and thick 
layer of oil. The filaments were air-dried at room temperature.  
 
Figure 4.2. schematic presentation of the spinning method; a Teflon film substrate; b Glass slide substrate; c 
Teflon tape substrate; schematic presentation of two different methods of applying oil; d spraying oil on the 
surface to make a thick layer; e applying a thin layer of oil by spreading a drop of oil on the surface. 
 
Polarized light microscopy (PLM) was used based on a technique introduced by Mashkour et al. (2014) [34] to 
evaluate the orientation of cellulose nanofibrils within the produced filaments. Imaging was performed using 
an AmScope polarized light microscope (Model ME520TA, Irvine, CA, USA) equipped with a lambda 
retardation filter. Filaments were imaged between cross polarizers when filaments were rotated between -45° 
and +45°.  
The cross-sectional form of the filaments produced on each substrate was examined using scanning electron 
microscopy (SEM). Images were obtained using a desktop Hitachi SEM, TM 3000 (Hitachi, Ltd., Tokyo, 
Japan). No sputter coating is required for imaging using the TM 3000. Filaments produced using CNF with 
two different solids contents on each collection substrate were used to study cross-section circularity. An 
image analysis technique in ImageJ software [35] was used to measure circularity of the filament cross-
sections. The software calculates circularity as 4π (area/perimeter^2) where a circularity value of 1.0 indicates 
a perfect circle and a value of zero indicates an increasingly elongated polygon.  
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To study surface properties of the substrates, a Mobile Surface Analyzer (MSA, KRÜSS GmbH, Hamburg, 
Germany) was used. Contact angles were measured using two liquids (water and diiodomethane). Surface free 
energy, determined by the Owens, Wendt, Rabel and Kaelble (OWRK) [36] model, as well as polar and 
dispersive parts of the surface free energy were calculated using the surface analyzer and accompanying 
software. A drop of CNF at each solids content was also captured in 5-minute intervals until full dryness using 
the contact angle analyzer. The evolution of the form of CNF droplet on Teflon film, Teflon film with a thin 
layer of oil, and suspended on oil were compared. For samples suspended on oil, the drying procedure was 
longer (more than five images), therefore five images of the evolution were chosen to compare with others.  
Atomic Force Microscopy (AFM) was used to study topography and roughness of the substrates. A benchtop 
ezAFM atomic force microscope (Nanomagnetics Instruments, Oxford, UK) was used. Dynamic mode was 
used and 2D scan of 10 m X10 m area was performed for each substrate. Average surface roughness of each 
substrate was calculated from the AFM images. 
4.4.Results and Discussion 
Choosing the proper solids content of the starting CNF for spinning has been a challenge as it can influence the 
manufacturing procedure and properties of the final product in many ways [19, 20]. As mentioned in the 
previous works [19, 20], higher solids content (>3 wt. %) will result in irregularity in the filament structure as 
removing water will cause agglomeration of the nanofibrils attributable to cellulose-cellulose bonding 
mechanisms as discussed in a work by Tajvidi et al. (2016)[3]. Extrusion of the CNF suspension with a solids 
content higher than 3 wt. % is very challenging and almost impossible using most of the currently available 
methods [29, 20], mainly because of the extremely high viscosity of the CNF suspension. Filaments produced 
on glass collection substrates were flat and adhered to the glass surface making it very difficult to produce 
good filament samples for evaluations. The only filament sample on glass was obtained from the 2.5 wt.% 
CNF on a glass collection substrate with oil. This was not possible when the lower solids content (1.2 wt. %) 
was used even in the presence of oil.  
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4.4.1. AFM and surface roughness 
Results of the amplitude mode for the 2D scan of the glass and Teflon film surfaces are presented in Figure. 
4.3. A micrograph of the Teflon tape surface is also presented in Figure. 4.3. AFM was used to study the 
topography of the surfaces and to measure surface roughness of each substrate. It was impossible to obtain 
AFM images from the surface of the Teflon tape because of its undulating texture which was too rough for the 
AFM scanner over the scanning window (10x10m). The average surface roughness was found to be 0.6 m 
for glass surface and 0.9 m for the surface of the Teflon film.  
Regarding the roughness values, Teflon tape had the highest roughness because of its undulating texture while 
glass had the lowest roughness, which means CNF adhesion should be the highest for the Teflon tape and the 
lowest for the glass surface considering mechanical interlocking as the dominant adhesion mechanism. It is 
notable that we are studying surface roughness of the collection substrate and not the dry filament surface 
roughness. As the as-spun filament has 97.5% or more water and will be in contact with the substrate while 
drying in the absence of the added oil, surface roughness of the collection substrate should directly influence 
the surface of the dry filament as well as the wettability of the substrate. 
 
 
Figure. 4.3. AFM and microscopic images of glass surface and Teflon film as well as optical image of Teflon 
tape surface 
4.4.2. Evaluation of filaments cross-sections 
Scanning electron microscopy was used to measure the cross-sectional dimensions of the filaments. 
Magnifications of the micrographs varied, as we had to keep the entire cross-section view in the micrograph. It 
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can be seen in Figure. 4.4 and Figure. 4.5 that adding a thin layer of oil slightly improved the circularity of the 
filament cross-sections at lower solids content (1.2 wt.%) while it had an opposite influence on the filaments 
produced at 2.5 wt.% CNF. As seen in Figure. 4.4, applying a thin layer of oil appears to promote the overall 
cross-sectional circularity for the 1.2 wt.% CNF filaments but the sample that was suspended in oil showed the 
best cross-sectional circularity. 
 
Figure. 4.4. Cross-sectional micrographs of the filaments produced using 1.2wt. % CNF as affected by the 
substrate 
 
Figure. 4.5 shows the cross-sections of filaments spun from 2.5 wt.% CNF and collected substrates with or 
without oil. As observed, applying a thin layer of oil had a negative influence on the cross-sectional circularity 
at the higher solids content. In contrast, the filament spun into a thick layer of oil on the collection substrate 
had the best cross-sectional circularity compared to all other filaments produced in this study. Comparing the 
micrographs of the cross-sections in Figure. 4.4. and Figure. 4.5., applying oil seems to help improve cross-
sectional circularity at the lower solids content, but the important factor appears to be the amount of oil used 
on the collection substrate. A thin layer of oil is sufficient at lower solids contents but at higher solids a thicker 
layer of oil is needed to fully suspend the filament during drying. At higher solids content, the amount of CNF 
is twice as much as the lower solid content. The higher amount of CNF will help maintain the cross-sectional 
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form when drying on Teflon film substrate without oil perhaps because of higher viscosity. The water contact 
angle is decreased by applying a thin layer of oil and the polar part the surface free energy for the Teflon film 
substrate is increased, however, the dispersive part is increased more significantly. Thus, the substrate can 
interact less with the polar CNF when the amount of CNF is higher. Overall, the behavior of cross-section 
formation as affected by solids content is not fully understood and calls for further investigation.  
 
 
Figure. 4.5. Cross-sectional micrographs of the filaments produced using 2.5wt. % CNF as affected by the 
substrate. 
Comparing the cross-sections of the samples spun by suspending filaments in oil revealed that when enough 
oil is present on the collection surface so that the filament is suspended in oil, the cross-section is more 
circular. Better understanding of this phenomenon suggests further study of the wettability of each substrate 
surface as well as the polarity of the substrates. 
4.4.3. Nanofibril orientation analysis  
Polarized light micrographs of the filaments are shown in Figure. 4.6 and Figure. 4.7 Images were captured at 
0, +45 and -45 with respect to the length of the filament. As discussed in the work by Mashkour et al. 
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(2014), changes in the intensity of the three major colors, i.e. red, blue and green from +45 to -45 are an 
indicator of orientation of nanofibrils in the filaments.    
Polarized light microscopy is able to provide pseudo-colored images from samples that are thin enough to 
transmit the light. Thus, the thicker samples, those with more circular cross-sections, could not be studied 
using polarized light microscopy. Figure. 4.6. and Figure. 4.7. indicate the orientation of nanofibrils in the 
filaments. It was not an expectation to observe high orientation in the filaments, as no stretching or controlled 
drying was done in an effort to increase the fibrillar alignment. There is also a notable color difference through 
the width of the filaments that is attributable to irregularities in the thickness within each filament as well as 
the formation of a skin-core structure. As seen in Figure. 4.6, there is a thin layer on the edge of the filaments 
which always exhibits the color blue. This thin blue layer has no orientation as it is on the side of the filaments 
and is more prone to lose its orientation during drying.  
 
Figure 4.6. PLM images of a 1.2 wt.% CNF filament on; a Teflon tape; b Teflon film 
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Figure. 4.7.PLM images of a 2.5 wt.% filament; a Teflon tape substrate with oil; b Teflon film substrate with 
oil 
Considering the core part of the filaments for the 1.2 wt.% CNF samples, there is a considerable color change 
form +45 and -45.  This indicates a considerable change in the intensity of green and blue color and proves 
the presence of orientation in the filaments. Figure. 4.7 depicts a change in the intensity of blue and green 
colors for the filaments spun on Teflon film and Teflon containing a thin layer of oil as the samples were 
rotated 90. This also indicates the presence of orientation in the filaments. There is a wider oriented middle 
section in these filaments as compared with the ones produced from the lower solids content suspension. This 
could be attributed to the fact that the higher solids content increases viscosity making it more difficult for the 
fibrils to move back to disorientation after they have been aligned by the flow in the needle. Another 
possibility is that the fibrils prefer to pack in an oriented way to fit closer together upon solvent depletion, as 
discussed in Lundahl et al. (2016). As the sides of the filaments do not show any color change when rotating 
the sample, we can conclude that there is a thin layer with no orientation on the edges of the filaments. This 
layer is formed during drying of the CNF. According to the work by Mashkour et al. (2014) and Figure. 4.6. 
and Figure. 4.7, a skin-core morphology is observed in the filaments and the core section shows to have fibril 
alignment. This can be further studied by comparison of different draw ratios in future works. 
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4.4.4. Surface properties of the substrates 
Study of the contact angle is important for the understanding of surface behavior as it will further be used for 
determining surface free energies. Figure. 4.8a shows the results of contact angle measurements of the 
substrates where the relationship between circularity and contact angle is also presented. As seen, the 
circularity decreases with the decrease in the substrate contact angle with water. In Figure. 4.8a, graphic 
representations (purple and green eclipses for 2.5% and 1.2% solids content, respectively) are illustrated to 
indicate the relative circularity of filaments’ cross-sections.   
Surface free energy (SFE) of each substrate was measured before and after applying oil using the OWRK 
model. The values of polar and disperse parts of the SFE, are presented in Figure. 4.8b. As shown in Figure. 
4.8a, adding a layer of oil will result in a considerable reduction of water contact angle for the Teflon tape and 
Teflon film. However, water contact angle increased on the glass substrate after applying oil. A thick layer of 
oil showed to have the highest contact angle with water. Study of the circularity shows an increase in the 
circularity by adding oil in the lower CNF solids content samples whereas this value decreased by adding oil 
for the 2.5 wt. % CNF filaments. The value of circularity for the filaments created on the thick layer of oil over 
collection substrates is higher than all other filaments which can be attributed to the low friction value of the 
collection surface and high amount of oil surrounding the filament. Shen et al. (2016) reported the 
effectiveness of oil on the collecting surface while dry-spinning CNF. Our results are in agreement with their 
findings. It is notable that the thick layer of the oil showed similar effects on both solids contents leading to a 
significant increase of the circularity. 
Figure. 4.8b illustrates the values of surface free energy as well as polar and dispersive parts for each substrate. 
It is notable that the collection substrates with higher dispersive energy values are better substrates for creating 
filaments with higher circularity. The lower adhesion to the filament results in a better cross-section regardless 
of the total surface energy value. This can be attributed to the fact that CNF is a polar material and should have 
better adhesion to polar surfaces (glass in this work). Thus, the collection substrate with lower polar surface 
free energy exhibits less adhesion with CNF and results in a filament with higher cross-section circularity.  
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Table 4.1. shows a summary of all properties measured for the substrates. 
 
Figure. 4.8. Variations of a water contact angle and circularity and b SFE values for different substrates 
Table 4.1. Summary of the measured surface properties. Values in parentheses are coefficients of variation 
(CV%). 
 
Substrate Teflon film 
Teflon film 
with oil 
Teflon tape 
Teflon tape 
with oil 
Glass 
Glass with 
oil 
Suspended 
in oil 
Circularity 
2.5% solids 
0.346 0.046 0.156 0.048 NA 0.374 0.815 
Circularity 
1.2% solids 
0.086 0.135 0.029 0.125 NA NA 0.457 
Average 
Roughness 
[µm] 
0.9 NA NA NA 0.6 NA NA 
Water 
Contact 
Angle [°] 
88.5 (2.7%) 76.6 (3.8%) 91.6 (3.2%) 80.8 (5.5%) 12.8 (2.1%) 46.3 (5.6%) 
102.3 
(4.2%) 
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Table 4.1. Summary of the measured surface properties. Values in parentheses are coefficients of 
variation (CV%) continued 
Diiodo-
methane 
Contact 
Angle [°] 
64.4 (3.3%) 46.6 (4.8%) 73.5 (4.7%) 46.2 (5%) 48.0 (2.5%) 29.9 (4.9%) 30.8 (2.8%) 
Surface 
Energy 
[mN/m] 
29.6 (7.1%) 41.6 (5.8%) 
24.8 
(14.3%) 
40.1 (5.5%) 73.5 (1.9%) 62.5 (4.8%) 44.0 (9.7%) 
Polar SFE 
[mN/m] 
3.6 (24%) 5.5 (22%) 3.8 (43%) 3.9 (25%) 38.2 (2%) 18.3 (13%) 0.1 (-) 
Disperse 
SFE [mN/m] 
26.0 (4.7%) 36.1 (3.3%) 21.0 (9.1%) 36.2 (3.3%) 21.0 (9.1%) 36.2 (3.3%) 43.9 (8.4%) 
 
4.4.5. Dynamic formation of filament cross-section 
 
As a method to evaluate the development of the filament cross section during drying on the collection 
substrate, the drying behavior of droplets of CNF suspensions at two different solids contents on the surface of 
Teflon film, Teflon film with oil and suspended in oil was studied (Figure. 4.9 and Figure. 4.10.). As shown in 
Figure. 4.9., applying oil on the substrate helps maintain the droplet form where oil surrounds the CNF droplet 
on the surface. As shown in Figure. 4.9., the CNF drop becomes circular when an oil layer is applied on the 
collection substrate surface. When the oil layer is thick enough, the drop becomes completely suspended in the 
oil and the oil carries the drop and helps maintain its cross-sectional form. Removed CNF droplets after last 
image were fully dry and had a roundish form. A similar behavior is observed for the higher solids CNF 
suspension (Figure. 4.10.). It is notable that suspending the filament in oil will result in a filament with oil 
contamination. The oil can be cleaned during finishing procedure of yarns, but can influence further 
application of the filaments if finishing is not done. 
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Figure. 4.9. Evolution of cross-section over time for 1.2 wt. solids % CNF drop on Teflon film, Teflon film with 
oil and suspended in oil 
 
Figure. 4.10. Evolution of cross-section over time for 2.5wt.% CNF drop on Teflon film, Teflon film with oil 
and suspended in oil 
4.5. Conclusions 
In dry-spinning of CNF, the collection substrate significantly influences filament cross-sectional 
formation. In this work, different collection substrates were used to evaluate the effect of surface properties 
including surface free energy, surface roughness, and contact angle on the cross-sectional form of the produced 
filaments. It was observed that the polarity of the substrate plays a more important role to determine the 
filament’s cross-sectional characteristics when compared to surface roughness and surface free energy. 
Analysis of the above mentioned collection substrates showed that applying a thick layer of oil and suspending 
the as-spun filament in oil is a good way to maintain cross-sectional circularity of the filaments. As the thick 
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layer of oil surrounds the as-spun filament, while oil contamination is important to keep in mind, the 
interaction of the spun filament with the substrate is minimum making the cross-sectional form of the filament 
more or less independent from the type and properties of the substrate. At this time, the application of a 
relatively thick layer of oil seems to be an effective method to produce filaments with nearly round cross 
sections but further studies are needed to evaluate the effect of oil on drying rate and the degree of potential oil 
contamination of the produced filaments.  
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CHAPTER 5 
BIREFRINGENCE-BASED ORIENTATION MAPPING OF CELLULOSE NANOFIBRILS IN THIN 
FILMS 
 
5.1. Chapter Summary: 
Determination of nanofibril orientation is crucial for predicting the properties of films and membranes made from 
cellulose nanofibrils (CNF) because of their inherent anisotropic nature. A novel method is proposed based on 
image analysis of the polarized light micrographs (PLM) to quantify and map nanofibril orientation in the film 
structure. Thin films (average 30µm in thickness) of CNF were produced using a filtration method and were wet-
stretched to two extension levels. Randomly-oriented films were also produced as the control without apply stretch. 
Samples were imaged at -45°, 0° and +45° between cross-polarizers using a polarized light microscope. A 
Birefringence Orientation Index (BOI) was developed based on the interference color changes between the two 
angles (+45° and -45°). The BOI ranges between -1 and +1 differentiating orientation in perpendicular directions. 
The index was shown to work successfully for mapping of the fibril orientation in CNF films. Statistical analysis 
of the tensile results confirmed significant difference between tensile modulus of the films produced using different 
stretch ratios. This difference was also confirmed by the good agreement between the tensile properties of the films, 
the BOI and directionality results obtained from the surface analysis of scanning electron micrographs. The method 
was validated by applying to single pulp fibers with known orientation as well as un-stretched and stretched 
polyvinyl chloride (PVC) films and oriented cellulose nanocrystals (CNC). The advantages of the proposed method 
over other conventional methods used for orientation analysis are discussed. 
5.2. Introduction 
Cellulose is the most abundant biopolymer on earth and cellulose nanomaterials are a comparatively new group 
of cellulose-based materials that are mainly produced through mechanical or chemical treatment of wood pulp [1]. 
The excellent film formation capability of cellulose nanofibrils (CNF) has led to frequent applications as thin films 
and membranes where the mechanical properties of such products are often of interest. In addition, the water-based 
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nature of nanocellulose suspensions has encouraged the production of composites with water soluble polymers. 
While many factors can affect the mechanical properties of such thin films, the orientation of nanofibrils in the 
structure clearly plays an important role and needs to be quantified. The longitudinal elastic modulus of CNF is 
estimated to exceed 100 GPa [2] whereas their transverse (compressive) modulus has been reported as high as16 
GPa as determined by atomic force microscope (AFM) nano-indentation [3]. This mechanical anisotropy means 
that the orientation of CNF particles in the structure of the product will have a considerable effect on the mechanical 
properties of films produced from them. Failure to consider this anisotropic orientation my lead to errors in 
determining the mechanical properties of such films and may result in high variability of experimental results if 
specimens are produced with orientations that vary between samples. 
Establishing suitable methods to study cellulose fibril orientation in plant cell wall and its contribution to stiffness 
and other mechanical properties of the cellulosic structures were the subject of many studies [4-6] . With the recent 
developments in the cellulose nanomaterial science and technology, these materials are finding their place in many 
other industry sectors and their applications have become broader. Typical recent advancements are using CNF in 
wood-based composites [7-9], paper coatings [13], textile structures and filaments [10-12] and many other 
applications. Binding properties of nanomaterials and their interactions with other substrates have been shown to 
have an influence on final properties of the product they are used in [12-14]. These developments imply that 
establishing a method to quantify the orientation of nanofibrils and monitor changes in fibril orientation in 
nanocellulose aerogels, composites and other structures will gain more importance. While the most popular method 
used to study nanofibril orientation is wide angle x-ray spectroscopy (WAXS), other methods based on Raman 
spectroscopy, polarized light microscopy (PLM) as well as atomic force microscopy (AFM) are also used to study 
nanofibril orientation.  
Wide-angle x-ray spectroscopy (WAXS) has been widely used to study nanofibril orientation in aerogel and 
composite structures [15-16]. WAXS has also specially been used to study cellulose nanofibril orientation in 
filament structures and stretched films [17-18] . This method has the advantage of having comparatively short 
testing time and does not require extensive sample preparation. While this technique seems to perform better 
than other methods, WAXS performance is limited to crystalline polymers as it works on the basis of crystalline 
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orientation in polymers. In addition, in thin films reinforced will small amounts of CNF, adequate signal might 
not be available. WAXS performance can also be influenced by water in the samples and hydrogels need to be 
dried prior to testing [16]. Finally, WAXS is an expensive instrument and may not be readily available in all 
laboratories.   
Atomic force microscopy (AFM) is often used combined with other methods to study nanofibril orientation. AFM 
is a popular method for the study of surface topology when orientation is studied or induced as a result of sample 
treatments [16,19-20]. While AFM is a powerful method for surface analysis to visualize nanofibrils in the structure, 
it will not provide information about the interior of the sample. In addition, AFM will only provide information of 
a small surface area of the sample typically 20 μm by 20 μm [21-24] Similar to AFM, scanning electron microscopy 
(SEM) is another useful method, which is often combined with other methods to study the surface morphology of 
the structures containing nanomaterials as it will not provide information about interior structure [4,19-20].  
Raman spectroscopy has also been used to study fibril orientation in plant cell wall structure. Knowing the fact 
that Raman spectra is orientation dependent, cell wall cross-section is mapped to reveal fibril orientation [6,26]. 
While Raman is a useful method to present both chemical structure and orientation data, it requires special 
instrumentation.   
Polarized light microscopy (PLM) has long been used to study fibril orientation in different materials [27-30]. 
Unlike other methods, PLM does not need special instrumentation and can be easily done on a light microscope by 
adding polarizing filters. Besides, PLM is capable of revealing the average orientation through the thickness of the 
sample for both crystalline and amorphous polymers [31] and will provide information form a larger area in a short 
amount of time. PLM can be done on wet samples and is a proper tool for online mechanoresponsive studies [16]. 
Orientation birefringence was also studied as a function of wavelength for cellulose triacetate (TCA). The TCA 
birefringence was studied as a function of xylan ester group substitution [32]. Effect of different moisture levels on 
the orientation birefringence of hot-drawn cellulose ester films was studied as a function of wavelength using 
Attenuated Total Reflection (ATR) measurements [33].  
One of the pioneering works on the quantification of nanocellulose orientation using PLM was carried out by 
Mashkour et al., 2013 where the authors showed that even polyvinyl alcohol (PVA) chains oriented by surface 
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tension torque along the dry line can be visualized by PLM [34]. In a follow-up work, Mashkour et al. 2014 
developed a method based on the calculation of the changes in the color intensity of blue, red and green on images 
when the sample was rotated from -45 to +45 between cross polarizers and used the obtained value for quantifying 
the orientation of the cellulose akaganeite hybrid nanocrystals (CAHNCs). This method however provided a single 
color index per image and did not produce a map of the entire imaged surface [31]. In a more recent work, the same 
research group used the birefringence nature of the cellulose nanocrystals (CNC) combined with surface-tension-
directed self-assembly to 3D print patterns on a transparent substrate. This 3D printed pattern can only be seen 
under polarized light because of the birefringence nature of the CNC added to the ink and could be used in security 
papers and anti-fraud documents [35]. In another work, Chowdhury et al., 2017 developed a method using 
transmitted light intensity for measuring order parameters of the CNC crystalline films [36]. In the present study, 
building on Mashkour’s work described above, a new method for mapping the cellulose nanofibril orientation over 
the entire surface of an imaged sample is developed employing image analysis and PLM. This method is a versatile 
technique, which can be used for crystalline and amorphous polymers and is applicable for very thin structures of 
nanocellulose. Birefringence is the behavior of the materials mostly discussed for the crystalline structures that 
show two refractive indices. Highly ordered molecules and polymers will also show birefringence behavior. 
Materials with two refractive indices will divide the light into ordinary and extraordinary waves that are mutually 
perpendicular. Imaging birefringence materials between cross-polarizers and using the color changes is a useful 
technique to study properties of the materials specifically the orientation of the structure [35]. In this work, we 
present the development of an orientation index based on the birefringence of materials under polarized light for 
the quantification and mapping of nanofibril orientation and verify the developed index by comparing with SEM 
images and mechanical properties of the films as well as applications for other oriented and non-oriented materials.   
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5.3. Experimental Section 
5.3.1. Materials 
Cellulose Nanofibrils (CNF) where provided by University of Maine Product Development Center at 3wt% 
solid content and 90% fines. The fines content is a measure of fibrils smaller than 200m. This CNF was 
further mechanically processed (ground) to increase fibrillation as mentioned in our previous work [12]. The 
CNF was ground for 100 min to result in a suspension with 97% fines, which was used to produce thin CNF 
films in this study. Further grinding of CNF influences particle size and particle size distribution and thereby 
the properties of CNF suspension as described in detail in a study published earlier [12]. The ground CNF 
suspension was diluted to 1 wt% solid content to make a low viscosity suspension for uniform film production. 
Films of CNF were made using vacuum filtration with a target thickness of 30m on average. The thickness of 
each sample was measured by a digital micrometer with and accuracy of 0.001 mm on five different locations 
and the average value of the thickness for each sample was used as the input for the tensile tests. The dilute 
suspension of the CNF was filtered using a vacuum pump in the setting shown in Figure. 5.1. 
 
Figure 5.1. Schematic representation of the sample production and drying for experimental studies 
83 
 
Two filter papers (Grade 5, pore size 2.5µm, Whatman, Maidstone, UK) were placed in the funnel and the 
suspension was poured on the filter paper and vacuum was applied to result in a wet mat. The wet mat was then 
removed from the funnel and the lower filter paper was immediately detached. Samples were cut into rectangles of 
2 cm by 7 cm (original dimension of the samples) while still wet and were peeled from the upper filter paper after 
five minutes. Samples were dried in four different groups as shown in Fig.1 to induce various levels of orientation. 
Group one, samples with no stretch, were peeled from filter paper and left to dry freely. These samples had the final 
dry length of 4 cm. Group two, the well-stretched samples were peeled from the filter paper after five minutes and 
both ends were fixed to dry so that the wet 7 cm length was retained after drying (final dry length of 7 cm). Group 
three contained semi-stretched samples. These samples were peeled from the filter paper after five minutes and both 
ends were fixed at 5 cm distance (original length in wet form was 7cm and free drying resulted in a length of 4cm 
) until they dried. The last group, Group four, contained samples with no stretch but dried on filter paper. These 
samples were left on filter paper until dry and were peeled from the filter paper after drying. Samples of each group 
were left to dry overnight at room temperature and were removed the next day.   
5.3.2. Polarized light microscopy (PLM) 
Single wood pulp fiber is known to have relatively high fibrillar orientation arising from the dominant 
orientation of cellulose microfibrils in the secondary wall (S2) of wood cells along the long axis of the cell 
[37]. These fibers showed to have different interference colors when observed under polarized light in different 
angles (Figure. 5.2). The idea of showing different birefringence colors in different directions for a highly 
oriented sample when observed under polarized light, was used to develop a method to study orientation of 
cellulose nanofibrils in thin films.  
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Figure. 5.2. Basic principle of polarized light method showing interference colors when sample is rotated 90° 
between cross polarizers. (a-c) a softwood pulp fiber observed in PLM between cross polarizers and rotated 
between -45° and +45°. (d) the gray-scale orientation index map (explained further below) and (e) the 
histogram of digital numbers of pulp fiber surface pixels 
To evaluate the effect of stretch on the orientation of nanofibrils in the film structure, PLM was used according 
to the method introduced by Mashkour et al. (2014) [34]. An AmScope polarized light microscope (Model 
ME520TA, Irvine, CA, USA) was used for imaging.  The microscope was equipped with an AmScope MU900 
digital camera with a 1.67µm x 1.67µm pixel size and a 12-bit parallel A/D converter (8-bit RGB to computer). 
Samples were observed between cross polarizers along with a lambda (red, first order or full wave) retardation 
filter. The lambda filter is a retardation plate frequently used for observing birefringent materials which will help 
measuring thickness, enhancing contrast in weakly birefringence material and helps identify birefringence in 
crystalline and polymeric materials (Davidson 2019). The lambda filter changes the background of the PLM images 
in the absence of a birefringent sample from dark field to bright pinkish red. Samples of each group were imaged 
in 0, -45 and +45 angles under polarized light with 0 being the direction of the long axis of the sample in case of 
non-stretched samples or the direction of stretch in case of stretched ones. A halogen bulb was used as the light 
source and a 5X objective was used on the microscope.   
 
85 
 
5.3.3. Development of the orientation index 
 Figure 5.3 shows the procedure of developing the Birefringence Orientation Index (BOI) from polarized light 
images using image analysis techniques. Polarized images are first obtained at -45 and +45 in reference to the 
stretch direction of the film (0). By rotating the -45 image 90 degrees counterclockwise, the two images can 
be then overlaid in a composite image. Image-to-image registration was performed on the two images after 
rotation using ENVI software version 5.2 (Exelis Visual Information Solutions, Boulder, Colorado). The 
registration accuracy was determined to be around one pixel. The two RGB (Red, Green, Blue) images are then 
split into the red, green and blue channels (380-650 nm). In general, arithmetic operations are common image 
processing techniques for image transformation and data extraction. Various ratioing and normalizations are 
used to evaluate changes in in digital numbers and to enhance differences among which normalized difference 
uses three arithmetic operations (addition, subtraction and division) to normalize data (shown in Equation. 1)). 
This allows better comparison of changes across different ranges and conditions [38]. The BOI is therefore 
calculated using the changes in the intensity of the blue channel between the two images for each pixel using 
Equation 1.  
𝐵𝑂𝐼 =
[𝑏−45° − 𝑏+45°]
[𝑏−45° + 𝑏+45°]
                                                                     (1) 
where the BOI is the orientation index ranging from -1 to +1 and b is the digital number of the blue channel for 
each pixel in each image (8-bit= 0-255). As previously discussed in the work by Mashkour et al (2014), 
nanocellulose materials will show a birefringence color change of blueish to yellowish between the two angles. 
Therefore a change in the intensity of blue channel can be interpreted as a change in the orientation. A BOI value 
of zero represents no orientation whereas values of -1 and +1 represent maximum orientation in perpendicular 
directions with reference to the stretch direction. Angles +45° and -45° refer to the images obtained after the sample 
is rotated 45° clockwise and counterclockwise between cross polarizers, respectively.    
To reduce noises in the PLM images resulting from dark pixels with low transmittance, the digital number 
values of the green channel of each image were used for masking as it was found that the values of these pixels 
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did not change in the green channel between the two images .The mask layer contained all pixels with values of 
zero and one to remove noise data in the green channel. Applying the mask layer to the BOI image then removes 
these noises. Values of zero digital numbers in the blue channels were also removed by rescaling the 8-bit scale 
from 0-255 to 1-256 [38] prior to the calculation of index values. A 3 by 3 median filter was then applied to the 
BOI image to smoothen the map. For visualization purposes, the index image was further classified into different 
colors representing different orientation levels. In all BOI images presented in this paper, a change from light 
yellow to dark brown represents increased orientation in the direction of stretch. A change from light green to 
dark green on the other hand represents increased orientation in the direction perpendicular to the stretch 
direction. These images are finally used for production of the orientation histograms to compare average values 
and distribution of orientation index values for each image. 
 
Figure. 5.3. The process to produce the orientation index map. Images obtained at -45 and +45 angles are 
split into separate R, G and B channels. Blue channels are used to produce the index map and Green channel 
is used to mask noises. 
5.3.4. Tensile tests 
Tensile tests on film samples produced at different stretch ratios were carried out using an Instron universal 
testing machine (Model 5942, INSTRON Instruments, Norwood, MA, USA) with a 500N load cell. The cross-
head motion speed was set at 2 mm/min and the samples had a dog-bone shape with the gauge length of 20 
mm (20 mm width and 10 mm width of the neck-down). At least five samples of each group were tested and 
tensile modulus and tensile strength of the samples were calculated from the load-deflection curves. 
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5.3.5. Scanning electron microscopy 
The top surfaces of the films were imaged using a scanning electron microscope (SEM). A bench-top Hitachi 
SEM, TM 3000 (Hitachi, Ltd, Tokyo, Japan) was used for SEM analysis. The bench-top SEM machine did not 
require sputter coating of the samples prior to imaging. Samples were imaged at 15kV.   
5.3.6. Directionality analysis 
 The directionality plugin of the ImageJ software [39] was used to determine the visual directionality of 
different films on the surface from SEM micrographs. This plugin produces color-coded images based on 
apparent brightness of features on the image. An area of approximately 250 micrometers by 200 micrometers 
was analyzed for each specimen.  The ImageJ software was also used to produce the histograms of the BOI 
values as well as those of the directionality distribution of film surfaces. Multiple specimens were evaluated and 
as the results of the image analysis were similar, results of one specimen from each group is presented. 
5.3.7. Statistical analysis 
Results of the tensile tests were analyzed statistically using analysis of variance (ANOVA) followed by 
Duncan’s Multiple Range Test (DMRT). All comparisons were made at 95% confidence level.  
5.3.8. Index verification 
Samples of polyvinyl chloride (PVC) and CNC were used to verify the performance of the developed 
orientation index developed for CNF films. Films of PVC -as a predominantly amorphous and non-oriented 
polymer were stretched to 50% and 100% of their original length and were imaged along with the non-
stretched films. In addition, a drop of CNC (around 15 microliters) at 12 wt.% solids content was placed 
between a glass slide and a slide cover and imaged between cross polarizers with the same PLM settings used 
for other samples when still wet, dried for 1 hour and after 48 hours at room temperature. In another sample, 
the drop was spread using a glass doctor blade to result in shear-induced orientation in the CNC particles. 
These samples were also imaged as described above and the orientation indices were calculated.  
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5.4. Results and Discussion 
5.4.1. Application of the developed index to PVC films.  
To evaluate the performance of the BOI in mapping the orientation of materials with different structures such 
as amorphous and crystalline structures, PVC films were evaluated as an example of predominantly amorphous 
polymer [40]. Non-oriented PVC films were first imaged between cross polarizer.  No color change was 
observed when the sample was rotated -45 and +45 indicating no orientation of polymer chains. The same 
PVC sample was then stretched to 50% (semi-stretched) and 100% (well-stretched) of its original length and 
imaged again in the same manner. The BOI maps were then produced using the procedure shown in Figure.5.3.     
Figure 5.4 shows the BOI maps of the PVC films in the non-stretched state and films with different stretch 
levels. Comparing the index images shows that increasing the stretch ratio can help increase the orientation of 
the polymer chains in the PVC film along the stretch direction. The histogram of the orientation and average 
orientation values also provide more information on the effect of stretch on the orientation of the polymer chains 
in the PVC films. Applying 50% stretch increased the orientation index from 0.06 to 0.51. A considerable 
increase to 0.83 was observed when the film was stretched to 100% of its original length. The frequency 
histograms indicate a mono-modal distribution of BOI values in all cases where the peak is shifted to larger 
positive values as the stretch is increased. These observations are in agreement with Mashkour et al. (2014) who 
reported birefringence changes in oriented PVA films as a result of surface tension induced torque along the dry 
line [31].   
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Figure 5.4. Application of the developed method to a PVC film stretched to various extents. 
The effect of stretch on the orientation of the CNF films stretched to different levels (14% and 42% elongation) 
was studied by image analysis of CNF film micrographs produced by PLM and calculating the BOI values. 
Comparison of the index images presented in Figure. 5.4 shows that applying stretch on the thin CNF film is in 
good correlation with the increased orientation of cellulose nanofibrils toward the stretch direction. The average 
orientation index value of the CNF fibrils in the film increased form-0.03 (negative BOI value is an indicator of 
the orientation perpendicular to the stretch direction) for the non-stretched sample that was restrained on filter 
paper to 0.46 for the elongation ratio of 14% and 0.7 at an elongation ratio of 42%. It is notable that an elongation 
ratio of 42% in the CNF film resulted in a change in the orientation value similar to that of the PVC film under 
100% stretch. This can be attributed to  the fact that crystalline fibrilar structures can be better oriented by 
stretching in the wet condition or the optical responses of the two materials are different. As expected, the 
histograms of index maps do not present the bell-shape distribution of values as seen in the case of PVC films 
in Figure. 5.4 This is attributed to the nature of CNF structures where every single particle has some orientation 
relative to the stretch direction and the dominant orientation direction depends on the inclination of the majority 
of fibrils in the image. 
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Figure 5.5. The orientation index mapping of CNF films. 
The non-stretched CNF films were dried in two ways. One group was peeled from filter paper and left to dry 
whereas the other group was dried. The film that was left to dry unrestrained showed to have considerable nanofibril 
orientation. The average value of the orientation was 0.5 compared to -0.03 for the restrained non-stretched film 
(Fig. 5.6). Interestingly, the value of 0.5 for the orientation index was very close to the orientation value of the semi-
stretched film, which was reported to be 0.47. Thus, un-restrained drying of the CNF films seems to result in a 
similar orientation as moderate stretch of the wet film will produce. It is notable that the direction of the orientation 
is as important as the orientation value itself when testing the material for mechanical properties. This is a significant 
finding as it is observed that  mere drying of wet CNF films can induce considerable orientation of nanofibrils if 
the film is not restrained in all directions. Table 5.1 shows the stretch ratio applied on different materials and the 
BOI values of the samples. 
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Table 5.1. Summary of the BOI values for different material systems and conditions 
Material Stretch or 
shear 
applied 
Average 
BOI 
PVC no stretch 0 0.06 
PVC semi-stretched 50% 0.51 
PVC well- stretched 100% 0.83 
CNF well-stretched 42% 0.70 
CNF semi-stretched 14% 0.47 
CNF non-stretched un-restrained 0% 0.53 
CNF non-stretched restrained 0% -0.03 
CNC no shear 0% 0.10 
CNC high shear High shear 0.75 
 
 
Figure. 5.6. Comparison of non-orientation of un-stretched CNF films produced as a result of restraining on 
the drying substrate and the auto-orientation of the same film when dried unrestrained. 
5.4.2. Tensile properties 
Tensile tests were used to study the influence of applying stretch on the mechanical properties of the thin CNF 
films. Figure. 5.7 shows the comparison of the modulus and strength values for the CNF films produced using 
different stretch ratios. Statistical analysis was conducted to analyze variations using one-way ANOVA and DMRT 
grouping results are shown on the bar charts as white letters. It was found that tensile modulus of the films increased 
by stretching the films. While the differences between the modulus of the stretched films and the non-stretched one 
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were statistically significant at 95% confidence level, there was no significant difference between the modulus of 
the films that were non-stretched regardless of being restrained or un-restrained during drying. This is despite the 
fact that non-stretched un-restrained film showed an orientation value similar to the semi-stretched film. 
Comparison of the strength values showed that the strength of the samples also increased by stretching. Further 
statistical analysis showed that while the differences between the strength values of the non-stretched restrained 
sample and the stretched ones were significant (alpha value of 0.05), there was no significant difference in the 
strength values of the semi-stretched, well-stretched and non-stretched un-restrained samples. 
Figure. 5.7b shows the comparison of typical stress-strain curves for different CNF films. Increase in the modulus 
as a result of orientation is attributable to the higher stiffness of the nanofibrils in their longitudinal direction [2,3] 
in the film structure when aligned along the film axis as a result of stretch. This can also result in a decrease in the 
maximum strain value of the stretched samples. One interesting behavior here is the unusual increase in the strain 
at failure values of the non-stretched non-restrained sample where the maximum strain values was almost twice as 
large of those for the non-stretched restrained samples. This could be hypothesized to have been caused by possible 
coiling or bending of the long flexible CNF fibrils while drying un-restrained. This could explain why the modulus 
of these films was not found to be statistically higher than that of the restrained one despite the clear increase in the 
orientation index. The orientation index does not differentiate between one long fiber in one direction and the same 
fiber bent 180° in the middle as both cases will be predominantly in the same direction. However, once subject to 
the tensile stress, the bent or coiled fibril may uncoil or become straightened resulting in higher strain but lower 
stiffness of the film. Figure. 5.7c shows the regression analysis between the values of BOI and tensile modulus of 
the samples. Interestingly, increase in the orientation index along the loading direction correlates well with the 
increase in the tensile modulus of the films providing a tool for the prediction of mechanical properties from 
orientation data. A similar relationship was found between strength values and BOI but the coefficient of 
determination was slightly lower.  
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Figure. 5.7. Results of the tensile test on CNF samples. (a) average modulus and strength of the samples. (b) 
comparison of stress-strain curves of the films (c) regression analysis between the average orientation index 
and modulus values. Columns with common letters indicate no significant difference at 95% confidence level 
according to the DMRT test. Non-S-Res, non-stretched samples dried on filter paper; Non-S-Unres, on-
stretched sampled dried freely; Semi-S, semi-stretched sample and Well-S, well stretch sample.   
 
5.4.3. Surface directionality 
 Directionality analysis was conducted on the SEM micrographs obtained from film surfaces as an alternative 
method to WAXS and additional confirmation of the performance of the BOI index developed in this work. 
Although WAXS is the most conventional method to evaluate fibril orientation in the structures, it did not work for 
our system of materials. The WAXS peaks for the CNF (not reported here) were very weak attributed to the low 
thickness of the CNF films but showed weak anisotropy by the increase in stretch. The PVC stretched films lacked 
considerable crystallinity and therefore did not exhibit any WAXS peaks.   
The directionality plugin of the ImageJ software, which applies a Fourier component method to calculate 
orientation [41] was used to compare with the PLM results. It was observed that the stretch will also result in an 
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increase in the orientation of the fibrils on the film surface and the orientation angle changes towards 0 along the 
stretch axis (Figure. 5.8). Note that in this figure, a histogram peak around 0 represents orientation in the stretch 
direction. Comparison of the results obtained from PLM image analysis with the directionality analysis of the SEM 
micrographs showed a good agreement between the two methods. The extent of orientation observed in the 
directionality analysis was found to be lower than the PLM method, which can be explained by the limitation of the 
directionality analysis based on SEM images to the surface features of the films.  
 
Figure. 5.8. Directionality analysis on the SEM micrographs of the CNF film surfaces as a function of stretch. A 
directionality peak around zero degrees shows orientation in the direction of the arrows. 
 
Finally, the developed orientation index was applied to un-oriented and oriented CNC particles as presented 
in Figure. 5.9. As seen in Figure. 5.9, the un-oriented samples exhibited random orientations disregarding 
drying time. When the drop was spread under shear however, a strong shear-induced orientation was observed. 
The shear-induced orientation of CNCs has been previously reported [36,42] and its direction is dependent 
upon the shear rate. At high shear rates such as that used in this study, CNC particles align in the direction of 
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the shear whereas they tend to align perpendicular to the shear direction at low shear rates. The BOI was able 
to capture the shear-induced orientation in CNCs as well as it did for CNF and PVC films. 
 
Figure. 5.9. Application of the developed orientation index to thin CNC films; top left, a drop of 12% CNC 
suspension between a glass slide and slide cover; top right, the same drop after 1 hour drying at room 
temperature; bottom left, the same drop after 48 hours at room temperature and bottom right, a drop of 12% 
CNC suspension spread on glass slide using a glass doctor blade. Small +45° and -45° insets show the actual 
birefringence interference colors between cross polarizers. The histograms in each set show the distribution of 
BOI values in samples. 
5.5. Conclusion 
A novel method based on image analysis of the polarized light microscopy information was proposed to quantify 
and map the orientation of cellulose nanofibrils in thin film structures. Thin CNF films were produced and stretched 
to different levels to induce nanofibril alignment. PVC films were also used as a non-oriented amorphous polymer 
and were stretched to 50% and 100% to induce alignment of polymer chains. The orientation of CNF nanofibrils 
was successfully mapped over the entire image window and represented using the BOI, a birefringence-based 
orientation index. We showed that the BOI index developed in this work is able to quantify and map nanofibril 
orientation in CNF films. The tensile properties of CNF films and the directionality analysis on the SEM 
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micrographs showed very good agreement with the results of the PLM-based BOI index. The proposed method was 
also shown to be successful in the measurement of polymer chain orientation in PVC films while WAXS was unable 
to quantify orientation in either system. This proposed orientation index can be easily obtained using common 
laboratory equipment while WAXS might not be readily available. Furthermore, WAXS fails to measure polymer 
chain alignment in amorphous materials as it works on the basis of measuring crystalline orientation. The BOI was 
also shown to work well for mapping the orientation of CNCs. The orientation of cellulose nanomaterials plays an 
important role in the properties of the nano-structures made from these materials and the pixel-level orientation 
information provided by this method can help explain variabilities observed in the mechanical properties of such 
films as well as to predict local changes in barrier and thermal properties.    
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CHAPTER 6 
CONCLUSIONS AND FUTURE RESEARCH 
 
6.1. Conclusions 
 
 In this work the application of CNF in textile materials was studied. Using CNF in textile structures is 
a new application and many aspects of CNF properties and parameters influencing the filament properties have 
not yet been studied. In this work reinforcing potential of CNF and CNC when added to hemp and flax natural 
fibers was studied. Filaments of 100% CNF were produced and effect of CNF fines in the range of 90%-100% 
fines on the mechanical properties of the filaments was studied. The influence of drying temperature as high as 
430°C on the properties of the filaments was studied and compared with the air-dried filaments. The influence 
of different drying substrates of Teflon tape and films as well as glass on the cross-sectional form of the 
filaments was studied. Oil was applied on the substrate surfaces and changes in the surface properties of the 
substrate along with the changes in the cross-sectional form of the filaments was studied. Finally, films of CNF 
with different orientations (no orientation and two different levels of orientation) were produced and a novel 
method based on image analysis of polarized light microscopy (PLM) images was proposed for the study of 
nanofibrils orientation. From the results and discussions presented the previous chapters of this dissertation the 
following conclusions could be drawn: 
I. Yarns and tape samples that were produced by soaking fibers in CNF showed to have better uniformity 
and this nanomaterial performed better in filling gaps than CNC in the composite structure. Studying 
the influence of different natural fibers on dewatering and drying of cellulose nanomaterial 
suspensions showed that mixing CNF with natural fibers will facilitate drying of the suspensions. 
Besides, the influence of mixing natural fibers with CNC on dewatering was more considerable. 
Evaluating tensile properties of yarns and tapes showed that the CNF suspension that was ground had 
pronounced adhesion with natural fibers and thus, had considerable influence on increasing tensile 
properties of tapes. Comparison of yarns showed that the CNC suspension had penetrated better into 
natural fibers in the yarn structure thereby producing a major increase in the tensile properties of the 
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yarns. Thus, adhesion between fibers and nanocellulose suspensions and the yarn structure can be 
considered to play an important role in tensile properties of these structures.  
II. Optical microscopic and AFM images showed a decrease in the fibril size of the suspensions with 
grinding and more uniformity in fibril size distribution after grinding and decrease in surface 
roughness. Studies on the properties of filaments produced using the presented spinning method 
showed uniformity in the cross-section of the filaments despite varying drying temperatures. SEM 
micrographs showed that cross-sections of the filaments had acceptable circularity. Studies on the 
tensile properties of filaments showed that those dried at 430° C were not significantly different from 
those that were air-dried. In addition, CNF type had a significant influence on the properties of the 
filaments, and filaments produced using CNF ground for 100 min proved to have the highest 
mechanical properties.  
III. It was observed that the polarity of the substrate plays a more important role to determine the 
filament’s cross-sectional characteristics when compared to surface roughness and surface free energy. 
Analysis of different collection substrates showed that applying a thick layer of oil and suspending the 
as-spun filament in oil is a good way to maintain cross-sectional circularity of the filaments. As the 
thick layer of oil surrounds the as- spun filament, while oil contamination is important to keep in mind, 
the interaction of the spun filament with the substrate is minimum making the cross-sectional form of 
the filament more or less independent from the type and properties of the substrate.  
IV. Thin CNF films were produced and stretched to different levels to induce nanofibril alignment. PVC 
films were also used as a non-oriented amorphous polymer and were stretched to 50% and 100% to 
induce alignment of polymer chains. The orientation of the nanofibrils was successfully mapped over 
the entire image window and represented using the BOI, a birefringence-based orientation index. We 
showed that the BOI index developed in this work is able to quantify and map nanofibril orientation in 
CNF films. The tensile properties of CNF films and the directionality analysis on the SEM micrographs 
showed very good agreement with the results of the PLM-based BOI index. The proposed method was 
also shown to be successful in the measurement of polymer chain orientation in PVC films while WAXS 
was unable to quantify orientation in either system. Besides, this method is readily available in most 
laboratories while WAXS is not easily available. Furthermore, WAXS fails to measure polymer chain 
alignment in amorphous materials as it works on the basis of measuring crystalline orientation. The BOI 
was also shown to work well for mapping the orientation of CNCs.  
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6.2. Future work 
 
I. Reinforcing ability of CNF and CNC on hemp and flax natural fibers was studied. Reinforcing 
ability of other types of nanocellulose such as TEMPO -CNF on natural fibers needs to be 
studied. Other natural fibers also need to be studied to find maximum reinforcing ability and 
the strongest natural fiber and nanocellulose combination for yarns. 
II. In this work filaments were produced without any additives or any type of modification. Effect 
of different chemicals and additives on the final properties of the dry-spun filament needs to 
be studied. These additives can improve mechanical properties of the CNF filaments. To find a 
proper natural filament substitute for synthetic filaments the properties of the CNF filament 
need to be modified. The effect of natural additives on the properties of the CNF filament 
needs to be considered. 
III. Studies on the effect of substrate and surface properties of substrate on the filament cross-
section showed that applying oil will result in filament with better cross-sectional form. Two 
problems would arise with using a thick layer of oil. First, the oil will contaminate the surface 
of the filament and it may affect the properties of the filaments. The effect of oil 
contamination on the properties of the CNF filament needs to be studied. Second, adding oil 
and suspending the filament in oil will make the production method similar to the wet 
spinning. This needs to be considered in terms of other substrate surface modifications 
available and identifying the minimum amount of oil needed to perform successful dry-
spinning for each solid content of CNF suspension. 
IV. The method proposed for mapping orientation of the CNF film showed to be successful in 
mapping and quantifying orientation of the films of CNF, PVC and thin layers of CNC. The 
proposed method needs to be evaluated for the study of the orientation of the round CNF 
filaments.  
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V. At this stage, different settings needed for each step of the dry-spinning line of CNF are 
identified. The optimum continuous filament can be produced from CNF suspension and dried 
on the oil coated substrate using a high temperature heat source and the structure can be 
stretched to reach maximum orientation. Resulted filaments would have ultimate mechanical 
properties that can be achieved with 100% CNF before adding additive or chemical 
modification. Changes in the structure of the starting material can influence the spinning and 
drying parameters, which will be interesting topics for future studies.  
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